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ABSTRACT
ELECTRICAL AND BIOMECHANICAL PROPERTIES OF RAT VENTRICULAR
MYOCYTES: EFFECT OF EXERCISE-TRAINING & ΒETA-ADRENERGIC
REGULATION
Xinrui (Sarea) Wang, B.A.
Marquette University, 2018
Heart disease is one of the leading causes of morbidity and mortality in the
western world, and programs of exercise-training have been shown to ameliorate
cardiovascular risk factors and protect against heart diseases. The cellular/molecular
mechanisms of regular exercise induced adaptations in the heart remains
incomplete. To address this, female and male Sprague-Dawley rats were randomly
assigned to exercise trained (TRN) or sedentary (SED) groups. After 6-8 weeks
training, ventricular myocytes were isolated and studied.
Exercise-training prolonged the action potential duration (APD) in myocytes
isolated from apex and base regions at low stimulation rate (1Hz), while shortening
the APD at high stimulation (10Hz). The exercise-induced effect on the Ca2+
transient duration reflected the changes observed in APD. Wheel running shifted the
β-adrenergic receptor (β-AR) agonist dose-response curve rightward compared to
SED by reducing β1-AR responsiveness. Wheel-running significantly increased
myocyte shortening velocity and rate of intracellular Ca2+ rise with 1, 2 and 5 Hz
stimulation, while the extent of shortening increased only at 5 Hz. At 1 & 2 Hz, β-AR
agonist accelerated sarcomere shortening & relaxation velocity and rate of
intracellular Ca2+ decline in TRN and SED, but increased sarcomere shortening only
in TRN. The β-AR agonist effect was dose dependent in TRN but not SED.
Pharmacological studies of myocytes showed higher ATP sensitive
potassium channel (KATP) function in ventricular repolarization and larger KATP
currents in TRN compared to SED. Exercise-training elevated the KATP channel pore
forming protein subunit Kir6.2 content in apex and regulatory protein subunit SUR2A
content in base regions of male and female rats. Rapidly activating delayed rectifier
potassium channel (Ikr) contributes relatively little to ventricular repolarization
compared to slowly activating delayed rectifier potassium channel IKs in both male
and female rats, and higher IKs current was observed in apex compared to base
region. Exercise-training decreased IKs current as well as the content of IKs channel
protein subunits KCNQ1 and KCNE1. β-agonist significantly elevated IKs current
density and exercise-training decreased IKs responsiveness to β-AR stimulation.
The down-regulation of IKs provides a molecular basis for prolonged APD and
Ca2+ transient observed in TRN rats with 1Hz stimulation, which contributes to
enhanced cardiac contractility and efficiency at rest. The up-regulation of KATP
channel in TRN rats largely explains the exercise-induced APD shortening at 10Hz,
which helps reduce the energy consumption and maintain diastolic interval adequate
for myocardial relaxation at high heart rates. A novel finding was that exercisetraining elevated kinetics of sarcomere shortening/relaxation and its response to βAR stimulation.
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CHAPTER 1

REVIEW OF LITERATURE

Introduction

Cardiovascular disease is the leading global cause of death, accounting
for more than 17.3 million per year in 2013, a number that is expected to grow to
more than 23.6 million by 2030 (Benjamin et al., 2017). Exercise training
increases cardiovascular functional capacity, decreases myocardial oxygen
demand, reduces arrhythmias, delays/reduces cardiac ischemia-reperfusion
injury, and protects against heart failure (Fletcher et al., 1996; Nayor & Vasan,
2015). There is a direct relation between physical inactivity and cardiovascular
mortality, and physical inactivity is an independent risk factor for the development
of coronary artery disease (Lee IM, 1995).

Cardiovascular adaptations to exercise-training

As illustrated in Figure 1.1, endurance exercise-training is known to
increased left ventricle wall thickness with proportional elevation in chamber
volume preserving the left ventricle mass-to-volume ratio (eccentric hypertrophy).
The hypertrophy contributes to improved left ventricle diastolic and systolic
function in endurance trained individuals, and results from increases in
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cardiomyocytes size and to a lesser extent vascularization of the left ventricle
(Pluim, Zwinderman, van der Laarse, & van der Wall, 2000; Turkbey et al., 2010).
In addition to cardiac hypertrophy, regular exercise is known to reduce heart rate
(HR) at rest and during exercise an effect caused in part by an elevated
parasympathetic and reduced sympathetic tone (Barbier et al., 2004; Winder,
Hagberg, Hickson, Ehsani, & McLane, 1978) (Fig. 1.1). Sympathetic regulation
plays an important role in physiological and pathological cardiac remodeling and
with heart disease a chronic increase in sympathetic tone contributes to heart
failure (Woo & Xiao, 2012).
Exercise training increases stroke volume (SV) and cardiac cell
contractility which increases maximal cardiac output (COmax). The exercisetraining induced increase in COmax is the primary factor causing an increased
maximal body oxygen uptake (VO2 max ml O2/kg body wt./min) (Powers & Howley,
2009). The exercise training induced decrease in HR and increase in SV for a
given CO results in decreased myocardial oxygen demand for the same level of
external work performed. This increase in heart efficiency is reflected by a
decrease in the heart rate × systolic arterial blood pressure product an index of
myocardial oxygen demand (Fletcher et al., 1996).
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Figure 1.1 Heart adaptations to exercise training. See text for details.

Exercise-training induced protection from ischemic heart injury

Exercise induced cardio-protection from ischemia could be achieved by
physiological adaptation that are metabolically beneficial or factors that attenuate
one or more of the ischemia induced damaging events. Studies using animal
models demonstrate that cardiomyocyte performance can be improved by
exercise training as a result of a variety of mechanisms (Figure 1.2).

4

Figure 1.2 Protective effects of exercise-training against ischemic
injury. See text for details.

Heat Shock Proteins (HSPs). The heat shock response is the cellular
reaction to stress such as energy depletion (Sciandra & Subjeck, 1983),
increased intracellular calcium (Welch, Garrels, Thomas, Lin, & Feramisco,
1983), hypoxia (Guttman, Glover, Allis, & Gorovsky, 1980), ischemia (Marber et
al., 1995), and oxidative stress (Adrie et al., 2000). Increased expression of
HSP70 in cardiomyocyte leads to increased cell survival and protection against
ischemic injury (Martin, Mestril, Hilal-Dandan, Brunton, & Dillmann, 1997).
Exercise training is known to increase the expression of HSPs in myocardium
(Powers, LOCKE And, & Demirel, 2001). The mechanistic link between
myocardial expression of HSPs and exercise is unclear. However, a variety of
cellular events associated with exercise, including cardiomyocyte stretching,
depletion of glucose and glycogen stores, reduced intracellular pH, increase in

5
cytosolic calcium levels, nitrogen species production, and heat stress and
hypoxia can all contribute to myocardial HSP elevation (Powers et al., 2001).
Antioxidants. Free radicals, which are a subset of reactive oxygen
species (ROS), are physiological byproducts of aerobic metabolism (Powers &
Howley, 2009) and are widely recognized for their dual roles as both deleterious
and beneficial species, since they can be either harmful or beneficial to living
systems (Valko et al., 2007). High concentrations of free radicals damage living
organisms through reactions with proteins, lipids, carbohydrates, and nucleic
acids. As a result, cardiac cells have a variety of antioxidant mechanisms to
control ROS production (Fridovich, 1999). Regular exercise has been shown to
delay the accumulation of ROS-mediated cell damage by improving the
antioxidative protective mechanisms (e.g. an increased manganese superoxide
dismutase activity) in the cardiomyocyte (Yamashita et al., 1999).
Ca2+ handling. The cardiomyocyte Ca2+ transient and the contractionrelaxation process are controlled by proteins that regulate calcium handling.
During relaxation, sarcoplasmic reticulum Ca2+ ATPase (SERCA) removes 92%
of the Ca2+ from the cytosol, whereas the Na+/Ca2+ exchanger removes 7%(Bers,
2000). The phosphorylation of Phospholamban (PLB) relieves SERCA from
inhibition by PLB. The expression of SERCA mRNA and protein levels as well as
the phosphorylation of PLB are increased by exercise-training, adaptations that
result in improved calcium cycling and enhanced cardiac contractility (Ellison,
Waring, Vicinanza, & Torella, 2012).
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Mitochondrial Adaptation. Mitochondria play an important role in
exercise-training induced myocardial protection. Exercise-training results in
cardiac mitochondrial adaptations that lead to decreased ROS production, which
could be related to decreased superoxide production or increased mitochondrial
antioxidant enzyme activity (Judge et al., 2005). Mitochondria isolated from
hearts of trained animals are more resistant to calcium-induced mitochondrial
permeability transition pore opening (Marcil, Bourduas, Ascah, & Burelle, 2006).
Furthermore, exercise training induces a mitochondrial phenotype that is
protective against apoptotic stimuli (Kavazis, McClung, Hood, & Powers, 2008).
Exercise also induces a down regulation of mitochondrial monoamine oxidase-A
an enzyme catalyzing H2O2 production a ROS shown to result in cardiac damage
(Kavazis, Alvarez, Talbert, Lee, & Powers, 2009).
Membrane Excitability. Sarcolemmal KATP channels have been shown to
play a protective role in myocardial function (Noma, 1983). During myocardial
ischemia, the lack of oxygen leads to an accumulation of metabolic products and
to a series of biochemical and functional abnormalities, including metabolic
impairment, intracellular Ca2+ overload, and K+ loss from myocytes. The loss of
contractility within the ischemic zone and arrhythmias account for most sudden
death events. Exercise-training was reported to protect against myocardial
ischemia–reperfusion injury in animal models(Chicco et al., 2007; Hamilton et al.,
2003; Yamashita, Baxter, & Yellon, 2001) and was associated with higher
survival rate following ischemic injuries in humans(Hull et al., 1994; Morris,
Everitt, Pollard, Chave, & Semmence, 1980).
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Although the benefits of exercise in promoting health are well recognized,
there is limited information on the effects of exercise training on electrical, Ca2+
handling and mechanical properties of isolated cardiac myocytes. The central
hypothesis of this thesis is that exercise-training induced cardio-protection is
mediated by improving the electrical and biomechanical properties of the left
ventricle, with the mechanism at least in part involving adaptations in multiple K+
repolarizing currents and an altered responsiveness to β-adrenergic regulation.
Exercise-induced changes in heart structure/function are not uniform in different
regions of the heart(Natali et al., 2002; Stones, Billeter, Zhang, Harrison, &
White, 2009). For example, voluntary wheel running in rats produced a significant
increase in cell volume in endocardial but not epicardial myocytes(Natali, Turner,
Harrison, & White, 2001). For this reason, I used the wheel running rat model to
elucidate how regular exercise regulates myocytes isolated from the base
(primarily endothelial) and apex (primarily epithelial) regions of the left ventricle.
Studying both males and female rats is important as sex differences in
myocardial infarction were illustrated in perfused rat heart(Chicco et al., 2007),
and the adaptations to exercise-training may be different. Importantly, gender
disparity was found to be evident in cardiovascular risk factors and ischemic
injury in humans(Murphy & Steenbergen, 2007).

Action potential and Ca2+ transient

Cardiac muscle is an electrically excitable tissue that transfers the
electrical signal (action potential) and chemical energy (ATP) into force
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generation. Exercise-training induced cardio-protection is mediated in part by
improving the electrical properties and in turn the force of the heart(Natali et al.,
2002; Stones et al., 2009; Zingman et al., 2011). With each heartbeat, the
process known as excitation-contraction coupling (ECC) is initiated by
spontaneous depolarization of the sinoatrial node generating cardiac action
potentials (AP) that are propagated across the wall of the heart(Bers, 2002). The
AP is determined by the interplay of voltage-gated sodium, calcium and
potassium channels. Figure 1.3 shows a representative ventricular myocyte AP
with the various phases indicated. Ventricular myocyte AP shows an initial spike
potential due to inward Na+ current that rapidly reverses as the voltage regulated
Na+ channels inactivate and transient outward K+ channels (Ito) activate. The
initial spike potential is followed by a plateau phase at ~20 mV caused by
activation of the L-type Ca2+ channel. Repolarization occurs due to the
inactivation of L type Ca2+ channels and the opening of delayed rectifier and ATP
regulated K+ channels, which allows cardiomyocyte to relax and ventricle to refill.
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Figure 1.3 Representative action potential measured at room
temperature (23ºC)
The recording was obtained with 1Hz stimulation from a ventricular
myocyte isolated from base region of a sedentary male rat.

As shown in Figure 1.4, the opening of L-type voltage-gated Ca2+
channels, caused by AP depolarization, allows a small amount of Ca2+ to enter
the cell. The Ca2+ influx binds to and opens ryanodine receptors (RyRs) in the
membrane of sarcoplasmic reticulum (SR) allowing a larger (µM) amount of Ca2+
flux from the SR into the cytosol producing the Ca2+ transient (Fabiato, 1985).
The cytoplasmic Ca2+ binds to troponin on thin filaments which allows myosin to
attach to actin forming cross-bridges. The cross-bridges utilize ATP to generate
force and flex the myosin heads towards the center of the sarcomere pulling the
actin filament inward. After the power stroke, the cross-bridge breaks and
reforms at a new actin binding site. The process known as cross-bridge cycling,
repeats cause sliding of the thin filaments inward producing fiber shortening
(Solaro & Rarick, 1998). Relaxation occurs when AP’s stop and, Ca2+ pumps on
the cell surface and SR membranes, together with Na+/Ca2+ exchanger on the
sarcolemma move Ca2+ back into the SR and out of the cell (Bassani, Bassani, &
Bers, 1994). In this dissertation, I examined the effect of regular exercise on all
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major elements: the AP, the Ca2+ transient, and myocyte shortening and
relaxation.

Figure 1.4 Cardiac excitation–contraction coupling
Modified from Bers (Bers, 2002). Inset shows the time course of an action
potential, Ca2+ transient and contraction measured in a rabbit ventricular
myocyte at 37 °C. NCX, Na+/Ca2+ exchange; ATP, ATPase; PLB,
phospholamban; SR, sarcoplasmic reticulum.

It is known that transmural differences exist in the AP shape with
endocardial myocytes showing longer durations (APD) compared to epicardial
cells in female rats(Natali et al., 2002). Little is known about sex and regional

11
differences (apex vs base) in left ventricle APD or its adaptation to exercisetraining. Greater Ca2+ transient amplitude has been reported in male compared
to female rats (Farrell, Ross, & Howlett, 2010), and wheel running has been
reported to have no significant effect on the amplitude of the Ca2+ transient
(Natali et al., 2002). However, how regular exercise affects the Ca2+ transient
duration is unknown. In chapter 3, I studied the APD and simultaneously
measured Ca2+ transients in myocytes isolated from the base and apex regions
of the left ventricle in trained and sedentary rats. The APD is dependent on the
frequency of cell activation and decreases as the stimulation rate (Hz) increases.
In both male and female rats, 1, 5 and 10 Hz stimulation were used to evaluate
the effects of wheel running on myocyte APD, as these rates are reflective of rat
heart rates under rest and maximal exercise conditions (Wisløff, Helgerud, Kemi,
& Ellingsen, 2001).
Regulation of the cardiac APD is important to insure adequate Ca2+ influx
while preventing Ca2+ overload at rest and during high activity (Zingman et al.,
2011). The various sarcolemma K+ channels seems particularly important in
controlling APD (Himmel, Wettwer, Li, & Ravens, 1999). These channels include
the rapidly activating, transient Ito channel that generates the early repolarization
preceding the AP plateau, the rapidly and slowly activating delayed rectifier K+
channels (IKr and IKs) important in repolarization, sustained steady-state K+
channels (Iss), and the KATP channel (Himmel et al., 1999; Zingman et al., 2011).
How these K+ channels adapt to regular exercise are for the most part unknown.
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Thus, in chapter 4 and 5, I studied the role of KATP and delayed rectifiers
channels in wheel running induced ventricular APD changes respectively.
Stones et al. (2009) showed wheel running to increase Ito current density
without changes in expression level of channel subunits, leading the authors to
hypothesize that training prolonged the monophasic action potential (MAP) of the
epicardial surface in beating hearts by decreasing the number of functional
channels. A complication is that both the Ito and IK channels are known to be
regulated by the sympathetic nervous system (Terrenoire, Clancy, Cormier,
Sampson, & Kass, 2005; Thomas, Kiehn, Katus, & Karle, 2004) and exercisetraining is thought to decrease sympathetic tone at rest(Winder et al., 1978). βAdrenergic receptor (β-AR) stimulation by the sympathetic nervous system or
circulating catecholamines is broadly involved in peripheral blood circulation,
metabolic regulation, muscle contraction, and central neural activities. In the
heart, acute β-AR stimulation serves as the most powerful means to regulate
cardiac output in response to a fight-or-flight situation, whereas chronic β-AR
stimulation plays an important role in physiological and pathological cardiac
remodeling (Conrath & Opthof, 2006; Marx et al., 2002). Adrenergic receptors
are members of the G-protein-coupled receptor superfamily of membrane
proteins that mediate the actions of catecholamines. β-AR couples via Gsproteins to stimulate adenylate cyclase, with resultant increases in cAMP and
Protein Kinase A (PKA). In rabbit ventricular myocytes, nonselective β-antagonist
causes a concentration-dependent inhibition of Ito and prolongation of the APD,
while β-AR agonist increases Ito (van der Heyden, Wijnhoven, & Opthof, 2006). In
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isolated ventricular myocytes from guinea-pig, β-AR activation has been shown
to increase Ik amplitude (Heath & Terrar, 2000).
During β-AR stimulation, changes in the action potential duration depend
on the balance between the increase in inward L-type calcium current and the
opposing increase in Ito and Ik. The non-selective β-adrenoceptor agonist
isoproterenol (ISO) has been shown to elevate the plateau potential and shorten
action potential duration in isolated canine ventricular subepicardial cells
(Ruzsnavszky et al., 2014). The effects were associated with increased Ik
currents which occurred with relatively low concentrations of isoproterenol
(10nM) consistent with regulation of Ik occurring physiologically in the heart
(Heath & Terrar, 2000). Exercise training induced adaptations in β-AR regulation
of APD remains unknown. Our hypothesis is that exercise-training primarily
affects β-adrenergic mechanisms by reducing receptor sensitivity to agonist. This
might explain the observations that regular exercise increases the duration of
MAP (Stones et al., 2009) as selective down regulation of the β-receptor would
allow a-AR mediated inhibition of K+ channels to predominate, thus lengthening
the APD (Terrenoire et al., 2005; Workman, Marshall, Rankin, Smith, &
Dempster, 2012).
Three β-AR subtypes have been identified in the human heart. β1-ARs
play a dominant role in regulating Ca2+ influx and strength of cardiac contraction
(Cros & Brette, 2013). Similarly, β2-ARs has a functional role in cardiomyocyte
contraction, but produces only modest chronotropic and inotropic responses
(Dukes & Vaughan Williams, 1984; Motomura, Reinhard-Zerkowski, Daul, &
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Brodde, 1990). Unlike β1 and β2-AR, the β3-AR signaling leads to the activation
of a nitric oxide synthase pathway through Gi and is not involved in AP regulation
(Calvert & Lefer, 2013). Barbier et al. (2004) observed treadmill running to
decrease protein expression level of β1-AR without affecting the β2-AR. Stone et
al. (2008) reported the level of β1-AR mRNA and ventricular myocyte shortening
in response to β1-AR stimulation to be unaltered by voluntary exercise, while both
mRNA levels and myocyte shortening in response to β2-AR stimulation were
significantly reduced in trained female rats. The discrepancy between the training
effect on β1 and β2-AR density of Barbier et al.(2004) and Stone et al. (2008) is
unknown but could be related to exercise intensity and/or sex differences. While,
both reported the effect of β-adrenergic stimulation on protein expression and/or
myocyte inotropic response, the effect of voluntary exercise training on the β-AR
regulation of ventricular APD has not been tested. In chapter 3, I demonstrated
wheel running induced alterations in myocyte AP responsiveness to β-AR
stimulation and relative importance of β1 and β2-AR in mediating these changes.

Sarcomere shortening and relaxation kinetics

The sarcomere is the fundamental structural unit of the cardiomyocyte
responsible for contraction, and cardiac contractility is determined in part by
factors influencing the extent and velocity of shortening. Myocyte contractility is
dependent on the amplitude and duration of the Ca2+ transient, Ca2+ sensitivity,
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and factors that regulate the force and turnover kinetics of the cross-bridges
(Solaro, 2011; Stehle & Iorga, 2010).
Myosin ATPase activity is thought to regulate the velocity of skeletal and
cardiac muscle velocity, and a correlation between an increased maximal
shortening velocity and myofibrillar ATPase activity has been demonstrated for
slow soleus fibers (Barany, 1967; Schluter & Fitts, 1994). The contractility of
cardiomyocyte is also known to be determined by the phosphorylation level of
cardiac myosin binding protein-C (cMyBP-C) and myosin light chain 2 (MLC2)
(Colson et al., 2012; Stelzer, Patel, Walker, & Moss, 2007). Additionally, the
phosphorylation of cardiac troponin I (TnI) by PKA has been shown to reduce the
Ca2+ sensitivity of the sarcomere (Stelzer et al., 2007). Intracellular Ca2+ rise is
controlled by both the Ca2+ influx through L-type Ca2+ channels and Ca2+ release
from SR through the RyR. Following systole, Ca2+ is removed from the cytoplasm
by SR Ca2+-pump (SERCA), Na+/Ca2+ exchange and sarcolemmal Ca2+-pump
returning the cardiomyocyte to the diastolic state. SERCA activity is increased by
cAMP dependent PKA phosphorylation of Phospholamban (PLB), a small
proteolipid that interacts with and inhibits SERCA activity in the
unphosphorylated state (MacLennan & Kranias, 2003).
Whether or not exercise training alters the Ca2+ regulation and contractile
function of cardiac cell is controversial. Mokelke et al. (1997) reported 20 wk
treadmill running to have no effect on L-type Ca2+ channel number or ICa
characteristics, while Carneiro-Junior et al. (2013) showed 8 wk treadmill running
to increased Ca2+ transient amplitude and SERCA expression. Wisløff et al.
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(2001) observed increased myocyte shortening with a reduced intracellular Ca2+
content in endurance trained rats which suggests a training-induced increase in
myofibrillar ATPase and Ca2+ sensitivity. In support of the former, Baldwin et al.
(1975; 1977) shown exercise-training to increase ventricular myosin ATPase
activity. Controversy exists regarding the effects of regular exercise on myocyte
contractility. Some studies showed no significant effect of exercise training on
cell shortening (Natali et al., 2001; Palmer, Thayer, Snyder, & Moore, 1998),
while others demonstrated an increased myocyte contractility (Moore et al., 1993;
Natali et al., 2002; Wisloff et al., 2001). In chapter 4, I address the issue by
studying how exercise training affects contraction including the extent and rates
of shortening and re-lengthening of ventricular myocytes at the sarcomere level.
To meet constantly changing systemic demand, the heart must modulate
its output on a beat-to-beat basis. Increased cardiac output is achieved via
increased β-AR stimulation (Bers, 2002). Both intracellular Ca2+ regulation and
mechanical function of cardiomyocytes are known to be regulated by β-AR
activation, which results in enhanced PKA-mediated phosphorylation of several
key cardiac proteins (Endoh & Blinks, 1988). The principal targets are
myofilament proteins TnI, MLC2 and cMyBP-C as well as the RyR and PLB
which together act to accelerate contraction and relaxation (Colson et al., 2010;
Ross, Miura, Kambayashi, Eising, & Ryu, 1995; Woo & Xiao, 2012). TnI
phosphorylation by PKA was known to suppress the Ca2+-affinity of troponin C
(TnC) (Solaro & de Tombe, 2008; Solaro, Sheehan, Lei, & Ke, 2010).
Phosphorylation of cMyBP-C has been shown to increased interaction between
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myosin and the thin filament and accelerate the rate of force redevelopment
(Colson et al., 2012; Gresham, Mamidi, & Stelzer, 2014; Stelzer et al., 2007).
The rates of Ca2+ release and removal are both regulated by β-AR
stimulation with RyR phosphorylation increasing the open probability of the RyR,
which is an important regulatory mechanism for SR calcium release (MacLennan
& Kranias, 2003; Takasago, Imagawa, & Shigekawa, 1989). During relaxation,
SERCA removes 92% of the Ca2+ from the cytosol, whereas the Na+/Ca2+
exchanger removes 7% (Bers, 2000). Although the β-adrenergic stimulation is an
important factor in determining the contractility of cardiac muscle, few studies
have investigated the effect of exercise training on the response of the Ca2+
transient or biomechanics to β-adrenergic stimulation. In chapter 4, I present
results of the effects of exercise-training on the rate and amplitude of the Ca2+
transient and sarcomere shortening/relaxation in myocytes challenged by
different activation rates with and without β-adrenergic stimulation.

Role of KATP channel

The opening probability of the ventricular KATP channel is strongly
modulated by the presence of nucleotides at the cytosolic face. There is a large
variation in the ATP concentration needed to produce half-maximal block of KATP
channel. Its opening was found to be stimulated by MgADP (Dunne & Petersen,
1986), but not AMP, cAMP, or adenosine, suggesting that KATP channel
activation is mediated by changes in ATP/ ADP ratio, rather than solely by ATP.
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In well-oxygenated cells, the AMP levels are kept at very low levels. However,
when ATP consumption exceeds production during cellular stress, the ADP/ATP
ratio and AMP content increase. AMP-dependent activation of AMPK has been
shown to elevate ventricular KATP channel open probability (Yoshida et al., 2012)
and promote KATP channel surface trafficking (Sukhodub et al., 2007; Turrell,
Rodrigo, Norman, Dickens, & Standen, 2011). In rats, the ventricular KATP
channel protein complex consists of a Kir6.2/SUR2A subunit combination. As
heterologously expressed Kir6.2/SUR2A channels have similar functional and
pharmacological properties of native ventricular KATP channels, including their
block by glibenclamide and stimulation by pinacidil; and knock-down of Kir6.2
and SUR2A expression decreases the expression of native ventricular KATP
channels (Babenko, Gonzalez, Aguilar-Bryan, & Bryan, 1998; Yokoshiki,
Sunagawa, Seki, & Sperelakis, 1999).
The pore-forming subunit Kir6.2 has two membrane-spanning a-helixes
with intracellular NH2 and COOH termini. Kir6.2 knockout mice have been shown
to develop arrhythmias and sudden death with sympathetic challenge, which
indicates a central role of KATP channels in cardiac protection under physiological
conditions (Zingman et al., 2002). In vitro, myocytes isolated from the hearts of
Kir6.2-/- mice exhibited defective ventricular repolarization upon catecholamine
challenge, which may lead to early afterdepolarizations and arrhythmias (Liu et
al., 2004). Intracellular Ca2+ homeostasis and myocardial function were found to
be impaired in Kir6.2-/- mice, which suggests a protective function for KATP
channels against myocardial Ca2+ overload. The auxiliary sulfonylurea receptor
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subunit (SUR2A) is highly expressed in rat cardiac ventricles and is required to
form a sarcolemma KATP channel protein complex. It has been reported that the
knockout of all SUR2 isoforms led to severe cardiac dysfunction and neonatal
mortality (Fahrenbach et al., 2014). SUR2A has 3 transmembrane domains
(TMD0, TMD1, and TMD2) and two intracellular ATP-binding domains, known as
nucleotide-binding folds (NBF1 and NBF2). NBF1 is located between TMD1 and
TMD2 and NBF2 exists in the COOH terminus of the protein. NBF1 and NBF2
dimerization can occur in each of the SUR2A subunits and between subunits.
The binding of MgADP to ATP-binding sites that are formed at the interface
between nucleotide-binding folds NBF1 and NBF2 has been shown to stimulate
the KATP channel (Nichols, 2006).
When heart rate is elevated, the action potential duration decreases. Both
KATP blocker glibenclamide and cardiac-specific overexpression of dominantnegative Kir6 subunits largely eliminates the frequency adaptation, which
suggests an important physiological function of KATP channels in adaptations of
action potential to elevated heart rates (Zingman et al., 2011). Blockade of KATP
channels with glibenclamide and 5-Hydroxydecanoate had little effect on resting
ventricular action potentials, but attenuated the action potential duration
shortening induced by hypoxia and regional ischemia in isolated guinea pig
myocytes and perfused rat heart (Baiardi, Zumino, & Petrich, 2003; Takizawa,
Hara, Saito, Masuda, & Nakaya, 1996). This suggests the opening of KATP
channels under metabolic impairment, but not basal conditions, a hypothesis that
remains to be tested in isolated ventricular myocytes.
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The sarcolemmal KATP channels are a potential target for exercise induced
cardio-protection. When heart cells experience high metabolic demand,
anaerobic glycolysis increases to compensate for a reduced ATP content. The
resulting acidosis increases the influx of Na+ via the Na+/H+ exchanger and
inhibits the ATP-dependent sarcolemmal Na+/K+ ATPase which further increases
intracellular Na+ (Ladilov, Siegmund, & Piper, 1995). The high intracellular Na+
concentration prompts the Na+/Ca2+ exchanger to work in the reverse mode,
producing cytosolic and mitochondrial Ca2+ overload (Piper, Abdallah, & Schafer,
2004). The opening of sarcolemmal KATP channels shortens the cardiac action
potential duration by accelerating repolarization. An enhanced repolarization
would inhibit Ca2+ entry via L-type channels and reduce cellular Ca2+ overload.
Studies in rats have shown that KATP channel openers such as pinacidil reduce
ischemic infarct size and improved post-ischemic recovery. The effects were
blocked by glibenclamide, suggesting the protection in myocardial ischemia–
reperfusion injury was mediated by KATP channels (Grover, McCullough, Henry,
Conder, & Sleph, 1989; Grover, McCullough, D'Alonzo, Sargent, & Atwal, 1995).
Brief periods of exercise (≤ 5 days) were also found to elevate ventricular KATP
channel subunit expression as well as KATP channel-dependent heart rate
adaptation in mice (Zingman et al., 2011). Without KATP channel blockade,
ischemia–reperfusion induced infarct size in perfused rat heart was significantly
larger in sedentary males compared to females, 5-days treadmill running reduced
infarct size in both sexes. When the sarcolemmal KATP channel was blocked, the
sex differences in myocardial infarction and the exercise-induced reduction of
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ischemic infarct size were abolished (Brown et al., 2005; Chicco et al., 2007).
The sex differences are worthy of study as gender disparity was found in
cardiovascular risk factors and ischemic injury in human (Murphy & Steenbergen,
2007), and the adaptations to exercise training may be different. Although
previous findings suggest KATP plays an important role in exercise training, the
molecular mechanism underlying this KATP dependent cardio-protective effect
remains to be studied. In chapter 5, I demonstrate the effect of regular exercise
on the current density, current-voltage relationship, and subunits expression of
KATP channel and its contribution to APD.

Role of IKs and IKr

IKs and IKr channels are the major components responsible for the
repolarization phase of ventricular AP and are the basis for the change in APD in
response to variation in HR. In dog ventricular muscle, IKr channel has been
shown to contribute the most in normal repolarization, while models of diseased
conditions or experimentally induced prolongation of APD would enhance the
activation of IKs to avoid early afterdepolarization by preventing excessive delay
of repolarization(Jiang, Wang, & Tseng, 2017; Varro et al., 2000). IKr channel is
composed of a pore-forming α subunit, ERG (KCNH2) and associate with
accessory subunits MiRP1 (KCNE2) and minK (KCNE1) (McDonald et al., 1997;
Silva & Rudy, 2005). The accessory subunits regulate the pore-forming subunit
function, including gating and response to adrenergic stimulation and drugs.
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During biogenesis of channels ERG is more likely to assemble with KCNE1 than
KCNE2 due to distinctly different trafficking rates and retention in the cell rather
than differences in relative affinity. The final channel subunit constitution, in vivo,
is likely to be determined by differential protein processing and trafficking (Um &
McDonald, 2007). IKr complexes may also be regulated in vivo by KCR1, a 12transmembrane domain subunit that alters the influence of MiRP1 on ERG
pharmacology (Nakajima et al., 2007). IKs is composed of a pore-forming α
subunit, KvLQT1 (KCNQ1), and a function-altering β subunit, minK (KCNE1)
(Sanguinetti et al., 1996). Although when expressed alone, KvLQT1 subunits
generate K+ current, much larger slowly activating currents are obtained when
KvLQT1 and minK subunits are expressed together (Barhanin et al., 1996).
Evidences suggest that minK subunits form part of the IKs channel pore, which
leads to increased IKs channel number and decreased channel conductance of
KvLQT1 subunits (Romey et al., 1997; Tai & Goldstein, 1998). MinK also endows
KCNQ1 channels with the capacity to accumulate in closed states that are near
to the open state, thus providing a safety repolarization reserve in case of failure
of IKr (Abbott, Xu, & Roepke, 2007). Mutations of the genes encoding cardiac IKs
and IKr channel subunits are known to account for arrhythmias that result from
abnormal repolarization. The loss function of IKs and IKr channel pore-forming
subunits KCNQ1 & KCNH2 and regulatory subunits KCNE1 & KCNE2 have been
identified as the genetic basis of inherited long QT syndrome (Splawski et al.,
2000). While the gain function of KCNQ1 and KCNH2 have been shown to cause
marked acceleration of repolarization and the short QT syndrome (Patel & Pavri,
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2009). Therefore, IKs and IKr channel subunits are important targets for the action
of antiarrhythmic drugs (Grant, 2009).
Substantial regional and species differences in the content and function of
IKs and IKr channels have been identified in ventricular myocytes. In rabbits, the
IKs/IKr ratio is ~ 3.0 in myocytes from the base and 0.5 in myocytes from apex
regions of the left ventricle (Cheng et al., 1999). In comparison, the ratio was
reported to be ~ 5.0 and 11.4 in left ventricular myocytes from dogs and guinea
pigs, respectively (Gintant, 1996; Sanguinetti & Jurkiewicz, 1990). With high
frequency ventricular excitation, the IKs current was markedly augmented in
guinea pig, but was not affected in rabbit (Lu et al., 2002). A transmural gradient
of IKs density exists across the ventricular wall in dog and rabbit, with higher
density found in the mid-myocardial cells from dog and sub-epicardial myocytes
from rabbit (Xu et al., 2001). In guinea pig, smaller IKs and IKr current densities
were detected in myocytes from sub-endocardial layer than mid-myocardial and
sub-epicardial layers (Bryant, Wan, Shipsey, & Hart, 1998). The sex and regional
differences of IKs and IKr channels, current densities, and their adaptations to
regular exercise in rats have not been studied.
Both IKs and IKr channels are regulatory targets of β-adrenergic stimulation.
Compared to IKr, selective block of IKs led to greater prolongation of canine
ventricular APD under β-AR activation (Han, Wang, & Nattel, 2001). β-adrenergic
stimulation induced elevation of cytosolic cAMP, increased IKs amplitude, slowed
down the deactivation kinetics, and shifted the activation curve to more negative
potentials (Han et al., 2001). The understanding of molecular signaling pathway
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for the β-adrenergic regulation of IKr and IKs remains a topic of study. PKA
phosphorylation of the IKs pore forming subunit KCNQ1 accounts for most of the
functional modulation of IKs by β-AR stimulation (Kurokawa, Motoike, Rao, &
Kass, 2004). The IKs PKA macromolecular complex consists of KCNQ1,
regulatory subunit KCNE1, and the AKAP Yotiao, which binds to a leucine zipper
motif in the KCNQ1 and in turn binds PKA and protein phosphatase 1 (Marx et
al., 2002). Mutations in KCNQ1 or Yotiao that disrupt this complex eliminates
PKA-induced phosphorylation of the channel and the functional response of the
IKs channel to β-adrenergic stimulation (Chen & Kass, 2006; Li, Chen, Kass, &
Dessauer, 2012). β-adrenergic stimulation was shown to increase IKr current
density in canine and guinea-pig ventricular myocytes through the elevation of
cAMP, which binds to the cyclic nucleotide binding domain of the channel (Grant,
2009). Additionally, in guinea-pig myocytes, β-AR agonist increased IKr amplitude
through a reduction in C-type inactivation (Heath & Terrar, 2000). The current
enhancement was mimicked by an adenylate cyclase elevation of intracellular
cAMP, PKA, and activation of protein kinase C. Suggests that the following
activation of PKA by β-agonist, phosphorylation of L-type Ca2+ channel leads to
increased intracellular Ca2+ and activation of protein kinase C. Protein kinase C
phosphorylates Serine 631 residue of ERG and results in loss of C-type fast
inactivation of IKr (Heath & Terrar, 2000). However, Schonherr and Heinemann
(1996) showed that ERG from rats only show slow inactivation but not C-type
inactivation, which indicate the regulation of IKr by β-AR activation does not
involve PKC. In chapter 6, I determined the relative response of IKs and IKr to β-
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adrenergic stimulation in rats, as well as the effect of exercise training on their
responsiveness to β-AR.

Summary

The overall aims of this work were as follows:
1. Determine the sex and regional differences in the APD and Ca2+
transient in ventricular myocytes isolated from trained and sedentary
rats. (Chapter 3)
2. Demonstrate how wheel running affects myocyte AP responsiveness
to β-AR stimulation and relative importance of β1 and β2-AR in
mediating these changes. (Chapter 3)
3. Characterize the effects of exercise-training on the rate and amplitude
of the Ca2+ transient and sarcomere shortening/relaxation in myocytes
challenged by different activation rates with and without β-adrenergic
stimulation. (Chapter 4)
4. Examine the effect of regular exercise on the current density, currentvoltage relationship, and subunits expression of KATP channel and its
contribution to APD. (Chapter 5)
5. Study the effect of exercise training on the current density, currentvoltage relationship and subunits expression of IKs and IKr channels
and their responsiveness to β-adrenergic stimulation. (Chapter 6)
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6. Study the effect of exercise training on the current density, currentvoltage relationship and subunits expression of IKs and IKr channels
and their responsiveness to β-adrenergic stimulation. (Chapter 6)
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CHAPTER 2

METHODS

Animals and exercise paradigms

All experiments and the protocol for animal care and use were approved
by the Marquette University Institutional Animal Care and Use Committee. Agematched male and female young adult Sprague-Dawley rats (6-8 weeks)
remained sedentary (SED, N=93) or participated in voluntary wheel exercisetraining (TRN, N=80) for 6 to 8 weeks using a moderate (loaded wheel running)
training paradigm. The wheel running was as described by Stones et al. (2009)
except the wheel was loaded with a resistance equal to 15% of the animal’s body
weight. Individual running distances were recorded daily. Sedentary animals
were housed in regular 10.5 in x 19 in cage (1-3 rats/cage) with no access to
wheels.

Myocyte isolation

Control and trained male and female rats were anesthetized with
Nembutal (50 mg/kg body wt ip) and the anesthesia depth documented by the
loss of reflex response to toe pinch. The hearts were rapidly extracted and
weighted, attached to a cannula, and perfused on a modified Langendorff
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apparatus at 37°C for five minutes (or until all blood is washed out) with solution
A containing 24 mM NaHCO3, 5 mM glucose, 150 units heparin/0.1 ml in Joklik
(Minimum Medium Eagle) solution bubbled with 95%O2- 5%CO2, pH 7.23. The
perfusate was switched to solution B containing 60 ml of solution A to which BSA
(60 mg), 14 mg collagenase Type II (250 units/mg), and 12 mg protease Type
XIV (5.4 units/mg) were added and the heart perfused for 14-21 min (time
dependent on size of the heart) (Gassmayr, Stadnicka, Suzuki, Kwok, & Bosnjak,
2003). After digestion, the left ventricle was cut away with base and apex regions
minced separately in solution B as described by Natali et al. (2001), and
incubated for 5 min in a 37°C shaker bath. The cell suspension was filtered (297
μm mesh) and centrifuged at 1000 RPM for 4 min. The resulting pellet was resuspended in 0.5 mM Ca2+, 10 mM HEPES buffered Tyrode’s solution,
centrifuged, and again re-suspended in 0.5 mM Ca2+ Tyrode’s solution (Stones et
al., 2009). The isolated myocytes were loaded with fluo-4 AM or Fura-2 AM (1
μg/250 μl cell suspension dissolved in 100% DMSO) to monitor intracellular Ca2+.
After 45 minutes, the loading solution was exchanged with 2 mM Ca2+, 10 mM
HEPES Tyrode’s containing 10 mM glucose.

Action potential characteristics

Myocytes were transferred to a recording chamber mounted on the stage
of an inverted microscope (Nikon TE2000), where they adhered to laminincoated glass coverslips. Quiescent rod-shaped myocytes were selected and
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impaled with a fine tip microelectrode (50-70 MΩ) filled with 2.7 M KCl and 10
mM HEPES. Current was injected at the time of impalement to hold the myocyte
resting membrane potential at ~ -80mV. The injected current was gradually
reduced as the membrane potential recovered. Only myocytes with resting
membrane potential more negative than -65mV without injected currents were
studied. To characterize the effects of exercise training on the action potential,
we activated myocytes with 1 Hz, 1.0 nA, 3 ms duration pulses for 60s
(AxoClamp 2A). The purpose of the low pulse rate was to elicit “resting” action
potentials unaffected by high activity where the KATP channel would be activated.
The AP was recorded at room (23°C) and body (37°C) temperatures. The 23°C
experiments were performed as myocytes are stable at this temperature allowing
multiple activations, and because many previous studies were conducted at room
temperature (Al Kury et al., 2014; Natali et al., 2002). The time (ms) from the
beginning of AP until membrane potential returned to 10% of its peak value
(APD90) was evaluated for the last 10 AP of each 60s recording and averaged
(Clampex). To determine how activity alters the AP, myocytes were pulsed at 10
Hz for 60s. This pulse rate was selected as it mimics heart rates obtained during
heavy exercise in the rat (Wisløff et al., 2001).
β-adrenergic study. To examine if any endogenous β-adrenergic activation
existed in isolated myocytes, APs were elicited after the administration (> 10min)
of non-selective β antagonist propranolol (10μM, EMD Millipore). In separate
experiments, dose-response curves for the non-selective β-AR agonist
Isoproterenol (ISO, EMD Millipore) were implemented. A given individual
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myocyte was superfused with 2 mM Ca2+ Tyrode’s for >2 mins at each ISO
concentration from 10-11 to 10-6 M. Selective β1,2-AR subtype stimulation was
obtained under steady-state conditions after a 10-minute exposure to maximal
response dose of ISO (10-6 M) in the presence of the selective β2-AR blocker ICI
118,551 (0.1 μM, Tocris Bioscience) or a selective β1-AR antagonist atenolol (0.1
μM, Acros Organic-Fischer Scientific). All β-adrenergic studies were performed at
23°C with 1 Hz pulse rate. The low pulse rate was selected to study the effect of
β-adrenergic stimulation without activation of the KATP channel.
KATP channel study. To study the effect of exercise-training on the KATP
channel, APs were elicited at 10 Hz before and after the administration of KATP
blocker glibenclamide (Gli, 2 µM, Sigma). 10 Hz was used to generate high
metabolic demand reducing the ATP/ADP ratio thus activating KATP channels. To
separate the relative importance of β-AR and KATP effect, a given myocyte was
stimulated at 1 Hz for a minute [1Hz] and then at 10 Hz while superfused for >2
mins in order with: 2 mM Ca2+ Tyrode’s [10Hz]; maximal response dose of ISO (1
µM) in 2 mM Ca2+ Tyrode’s [10Hz+Iso]; and both 1 µM ISO and 2 µM Gli in 2 mM
Ca2+ Tyrode’s [10Hz + Iso + Gli]. All KATP studies were performed at 23°C. The
difference of APD before and after the addition of Iso represents the effect of βAR. While the APD difference before and after the addition of Gli reflect KATP
contribution. Difference between APD obtained at 1 Hz and 10 Hz with ISO
present for a given myocyte represents the total AP shortening, which involves
both sympathetic nervous system regulation and sarcolemma channel
responses. Thus the percentage of the β-AR and KATP contributions were
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calculated as:
% Iso = [10Hz] - [10Hz+Iso] / [1Hz] - [10Hz + Iso]
% Katp = [10Hz + Iso + Gli] - [10Hz+Iso] / [1Hz] - [10Hz + Iso]
In another set of experiments, I activated myocytes with 1 Hz, 3.0 nA, 2 ms
duration pulses for 60s (AxoClamp 2A) before and after the administration of
KATP activator pinacidil monohydrate (100 µM, Sigma). The same myocytes were
then stimulated at 10Hz.

Ca2+ transient

Ca2+ transients were studied using Fluo-4 and Fura-2 AM. Both were
used as the ratiometric dye Fura-2 allows determination of the Ca2+ transient
amplitude independent of cell volume, but its relatively high Ca2+ affinity can
cause cytosolic buffering which might lengthen the Ca2+ transient, while with
Fluo-4, a relative low Ca2+ affinity dye, this problem is reduced (Paredes, Etzler,
Watts, Zheng, & Lechleiter, 2008). Fluo-4 was excited at 480 nm and
fluorescence emission (520 nm) was monitored using a Coolsnap camera and
NIS-Elements imaging and acquisition module. Fura-2 was excited at 340 and
380 nm switched with LAMBDA DG4, and fluorescence emission was measured
at 510 nm with Q-IMAGING RETIGA R3 camera; emission was sampled at an
interval of 20 ms for each excitation wavelength and the ratio analyzed with
MetaFluor software (version 7.8). Whole cell Ca2+ transients and action potentials
were monitored simultaneously at the start of stimulation and at 10 s intervals
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throughout the 60s stimulation period. The peak amplitude and duration (from the
beginning until returned to baseline) was measured from three different sites
along the myocytes and averaged. The myocyte width was determined from the
average of measurements at three different sites along the cell, and length
determined using NIS-Elements or MetaMorph software.

Single electrode voltage clamp (dSEVC)

To minimize disruption of the intracellular milieu, myocytes K+ currents
and voltage-current relationships were studied with discontinuous single
electrode voltage clamp techniques (dSEVC, 5–8 kHz). Microelectrodes were
filled with 2.7 M KCl and 10 mM HEPES and had resistance of 15–25 MΩ.
Myocyte transmembrane currents were recorded before and after administration
of KATP activator pinacidil monohydrate (100 µM, Sigma), IKs blocker Chromanol
293B (30µM) or Ikr blocker E4031 dihydrochloride (5µM) by switching between
conventional recording and voltage clamp modes. Voltage clamp protocols were
generated with an AxoClamp 2A amplifier (Axon Instruments), and recordings
monitored and sampled at 23°C using Clampex9.2 software (Axon Instruments).
Current–voltage relationships of KATP channels were obtained using rectangular
pulses from a holding potential of −50 mV to 1s test pulses ranging from -100 to
+40 mV in steps of 10 mV, delivered at a frequency of 0.2 Hz:
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For quantification, Whole-cell KATP currents were measured as the difference
between baseline current and those obtained just before the end of a 1-second
applied voltage step. Current–voltage relationships of Ikr were measured as tail
currents at −40 mV after rectangular pulses from a holding potential of -40 mV to
1 s test pulses ranging from -20 mV to +50 mV in steps of 10 mV, delivered at a
frequency of 0.1 Hz.

Current–voltage relationships of Iks were measured as tail currents at −40 mV
after rectangular pulses from a holding potential of -40 mV to 3 s test pulses
ranging from -20 mV to +50 mV in steps of 10 mV, delivered at a frequency of 0.1
Hz.

Current–voltage relationships of Iks was also measured in the presence of 5nM
and 1µM ISO to examine the responses of IKs to β-AR stimulation.

Intracellular Ca2+ and cell shortening measurements

Cardiomyocytes were placed in an experimental chamber and bathed in
2mM Ca2+ Tyrode solution. Rod-shaped myocytes with regular sarcomeric
striation patterns were chosen for study. Myocytes were activated with 1 and 2
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Hz field stimulation at 23 and 37 °C, and then at 1, 2 and 5Hz in the presence of
5nM and 1µM ISO at 37°C. Myocyte contraction was recorded with a MyoCam-S
vedio 250 Hz camera (IonOptix, Boston, MA) attached to a Nikon TE2000
microscope. The extent of sarcomere shortening, and rate of contraction and
relaxation were measured using IonWizard image detection program (IonOptix).
Whole cell Ca2+ transients were recorded using Fura-2 AM, which was excited at
340 and 380 nm switched with LAMBDA DG4, and fluorescence emission was
measured at 510 nm with a photomultiplier and cell framing adapter (IonOptix);
emission was sampled at an interval of 4 ms for each excitation wavelength and
the ratio analyzed with IonWizard. sarcomere length displacement and
fluorescence transients were monitored simultaneously throughout the 60s
stimulation period and averaged. All measurements were made 1–4 h after cell
isolation.

Western blotting

The apex and base regions of the heart (~0.4 g each) were isolated and
minced separately in 2.5 mL of 0.5 mM Ca2+ Tyrode’s (4°C) and homogenized
with a glass homogenizer. The homogenates were centrifuged at 500 g for 3
min, and protein concentration of the supernatant determined (Bradford assay,
Thermo Scientific). Samples were prepared by diluting 60 µg of protein in SDS
sample buffer (10% SDS, 23 mM EDTA, 50% glycerol, 0.4% Bromophenol Blue,
5.1% β-mercaptoethanol, pH 6.8). Each gel was loaded with heart homogenates
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from apex and base regions of both trained and sedentary male and female rats.
Proteins were separated on 4–15% precast polyacrylamide gels using MiniPROTEAN Electrophoresis Cells (Bio-Rad) at 150V for 45mins. The running
buffer contained 25 mM Tris, 192 mM glycine, and 0.1% SDS. The gel lanes
were transferred to nitrocellulose membranes using a Mini Trans-Blot cells (BioRad) at 100V for 1 h. Transfer buffer contained 25 mM Tris, 192 mM glycine,
0.1% SDS, and 20% methanol. Membranes were blocked with 5% nonfat dry
milk in PBS/0.1% Tween for an hour and washed 5 times (3 quick rinses and
twice for 5 min) in PBS/0.1% Tween. Primary and secondary antibodies
dissolved in blocking buffer were incubated overnight at 4°C and 1 h at room
temperature, respectively. After a final wash, membranes were processed for
chemiluminescent detection and the resulting signal was detected on
autoradiography films (Hyblot CL). All measurements were made in duplicate and
densitometric analysis was performed using ImageJ (NIH). Since exercisetraining is known to increase heart size and the content of contractile
proteins(Wisløff et al., 2001), it would be difficult to find a
suitable housekeeping gene for loading controls. To circumvent this problem, we
utilized Ponceau S staining for total protein normalization to rule out gel loading
and/or protein transfer errors(Romero-Calvo et al., 2010). Primary antibodies
used for Western blotting were mouse anti-Kir6.2 (sc-390104, Santa Cruz,
1:500), mouse anti-SUR2A (NBP2-22403, Novus Biologicals, 1:2000), mouse
anti-KCNQ1 (sc-365186, Santa Cruz, 1:500), and mouse anti-KCNE1 (sc393575, Santa Cruz, 1:250), While secondary antibodies were m-IgGl BP-HRP
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(sc-516132, Santa Cruz, 1:5000), goat anti-mouse IgG [HRP] (NBP2-30347H,
Novus Biologicals, 1:5000), and m-IgGk BP-HRP (sc-516102, Santa Cruz,
1:5000).

Statistics

The value of N and n represents the number of animals and myocytes
used in experiments. All data are presented as means ± S.E.M. Wheel-running,
cardiac morphological parameters and western data were analyzed using oneway ANOVA. APD90, sarcomere contraction and Ca2+ transient data (including ∆
and % changes) were compared by the two-factor nested ANOVA. This type of
analysis allows comparison using the total number of fibers (n) rather than rat
number (N). Dose-response curves to ISO and Current-voltage relationships of
KATP, Iks, and Ikr channels were analyzed by nested two-way ANOVA for repeated
measures. Tukey tests were used for all post hoc comparisons. Differences were
considered significant for P < 0.05 as indicated by (*), (**) or (†) in figures. ANOVA
analyses were performed with Minitab 17. ISO dose-response curves were
constructed with non-linear regression and the fitted midpoints (LogIC50) were
obtained in GraphPad Prism 6.
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CHAPTER 3

EFFECT OF EXERCISE TRAINING ON VENTRICULAR ACTION POTENTIAL:
ROLE OF ΒETA-ADRENERGIC REGULATION

Introduction

Heart disease is one of the leading causes of morbidity and mortality in
the western world, and programs of regular exercise-training have been shown to
ameliorate cardiovascular risk factors, reduce the incidences and severity of
ischemic heart disease, and protect against heart failure (Fletcher et al., 1996;
Nayor & Vasan, 2015). Although the benefits of exercise in promoting health are
well recognized, our knowledge regarding the cellular/molecular mechanisms of
exercise-training induced adaptations in the heart remains incomplete. One
factor of importance is the action potential duration (APD) and the resulting Ca2+
transient, which are known to be regulated by sympathetic (adrenergic) activation
(Natali et al., 2002; Terrenoire et al., 2005). Regulation of the cardiac APD during
rest and exercise is important to insure adequate Ca2+ influx while preventing
Ca2+ overload, after depolarizations, excess ionic pump activity (Na+/K+ and SR
Ca2+ pumps) and/or inadequate time for relaxation (Zingman et al., 2011).
Exercise-induced changes in heart structure/function are not uniform across the
wall of the heart (Natali et al., 2002; Stones et al., 2009). For example, Stones et
al. (2009) and Natali et al. (2002) reported that wheel running in rats prolonged

38
the action potential in beating hearts, and in epicardial but not endocardial
myocytes. In addition, voluntary wheel running in rats produced a significant
increase in cell volume (both cell length and width) in endocardial but not
epicardial myocytes (Natali et al., 2001). However, little is known about whether
male and female hearts adapt differently to exercise training (Wisloff et al., 2007).
Investigating sex specific adaptations is important as differences in clinical
outcomes are known, for example, females experience a greater incidence of QT
prolongation a disease associated with arrhythmias such as torsades des pointes
that can lead to sudden cardiac arrest (Amin, Pinto, & Wilde, 2013; Lehmann,
Hardy, Archibald, quart, & MacNeil, 1996). Thus, understanding how regular
exercise may alter the action potential and protect against arrhythmias is
important. To gain a better understanding of regional and sex specific effects of
regular exercise, we studied myocytes isolated from the base (contains mostly
sub-endocardial layer) and apex (contains mostly sub-epicardial layer) regions of
the left ventricle in both male and female rats.
Sympathetic nervous system regulation of cardiac APD is primarily
mediated by β-AR activation (Conrath & Opthof, 2006; Marx et al., 2002; Zhu, Ai,
Oster, Bers, & Pogwizd, 2013). Three β-AR subtypes have been identified in the
human heart. β1-ARs play a predominant role in regulating Ca2+ influx and
inotropic responses (Zhu et al., 2013). Similarly, β2-ARs also has a functional role
in cardiomyocyte contraction, but its activation may be important during stress
and conditions that cause β1-ARs down regulation such as heart failure (Dukes &
Vaughan Williams, 1984; Motomura et al., 1990). Contrary to β1- and β2-AR, the

39
β3-AR signaling leads to the activation of a nitric oxide synthase pathway and is
not involved in action potential (AP) regulation (Watts et al., 2013). The effect of
exercise training on the response of APD to β-AR subtypes stimulation has not
been tested.
In this chapter, I used 1 Hz stimulation to investigate how regular exercise
alters the APD and Ca2+ transient in left ventricular myocytes in resting
unstressed cells, and 10 Hz to assess these properties under conditions of
metabolic stress likely experienced during heavy exercise. Pharmacological
methods were used to assess mechanisms and in particular to determine the
relative importance of β-AR subtypes in mediating the response to exercisetraining. This study contributes to a better understanding of how exercise-training
alters the electrical and functional properties of the base and apex regions of the
heart in both sexes, and sets the stage for the development of optimal exercise
paradigms that maximize the benefits of regular exercise.

Results

Figure 3.1 demonstrates the ability of male and female rats to perform
voluntary wheel running. Daily running distances increased over the first 3 weeks
of training from 3.3 ± 0.5 to 10.6 ± 0.4 km for the males and 6.9 ± 1.2 km to 20.8
± 0.6 km for the females, with the daily running distance significantly greater in
females (p<0.05, analyzed at each week with one-way ANOVA, Tukey test was
used for all post hoc comparisons). Male rats ran at an average speed of 1.3 ±
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0.06 km/h which was significantly slower than female rats who averaged 1.8 ±
0.05 km/h (p<0.05, one-way ANOVA, Tukey test was used for all post hoc
comparisons). The higher running speed of the females partly explained their
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Figure 3.1. Daily voluntary running distance and speed. N=12 for both
sexes; *p < 0.05 male versus female (analyzed at each week with one-way
ANOVA).

Voluntary exercise caused cardiac hypertrophy as shown by an increased
heart weight to body weight ratio in the trained groups (female SED 4.56 ± 0.13
vs. TRN 5.29 ± 0.16 mg/g, male SED 4.16 ± 0.11 vs. TRN 4.77 ± 0.1 mg/g, P <
0.05). The increased heart mass in trained rats was also mirrored by significantly
elevated ventricular myocyte length in both male and female rats (Table 3.1).
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Table 1. Morphological parameters of sedentary(SED) and trained(TRN), Male and Female rats
SED, Male

SED, Female

TRN, Male

TRN, Female

Body weight (g)

421.4 ± 13.0

253.6 ± 3.1

384.4 ± 5.6

249.8 ± 5.5

Heart weight (mg)

1734.2 ± 50.1

1122.5 ± 41.2

1827 ± 62.4

1326.4 ± 45.7

*

5.29 ± 0.16*

Heart/body weight (mg/g)

4.16 ± 0.11

4.56 ± 0.13

4.77 ± 0.1

Myocyte length (µm)

87.34 ± 2.05

84.94 ± 1.6

103.08 ± 1.82*

98.74 ± 2.02*

Myocyte width (µm)

22.58 ± 0.62

21.71 ± 0.56

24.35 ± 0.62

22.19 ± 0.53

N

15

15

15

15

n

102

100

112

108

Myocyte length and width were not significantly different between heart regions so data were pooled; N = number
of animals; n = number of myocytes; *p < 0.05 TRN versus SED; p < 0.05 Female versus Male.

Table 3.1. Morphological parameters of sedentary(SED) and
trained(TRN), Male and Female rats
Myocyte length and width were not significantly different between heart
regions so data were pooled; N = number of animals; n = number of
myocytes; *p < 0.05 TRN versus SED; ✝p < 0.05 Female versus Male.

Action potential and Ca2+ transients
With the exception of the calcium transient amplitude, no significant sex
differences were observed. As a result, the male and female data were pooled
for Figures 3.2, 3.3, 3.6 and 3.8 and presented as sedentary (SED) and exercisetrained (TRN) groups for clarity.
Figure 3.2A shows a representative AP obtained at 1 Hz stimulation from
left ventricular apex and base myocytes (representative of endocardial and
epicardial myocytes, respectively) from control and trained rats. The AP was
characterized by an initial spike potential followed by a plateau phase at ~20 mV
and then repolarization. With 1 Hz stimulation, APD90 at 23 ºC were significantly
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longer in base (male 70±2 ms, female 76±2 ms) than apex (Male 57±2 ms,
Female 55±1 ms) myocytes (Figure 3.2B). The difference in APD90 between base
and apex regions was also observed in myocytes from TRN animals (Male 85±2
vs. 65±1 ms, Female 88±2 vs. 65±1 ms). Apex and base APD90 were not
different between male and females, however, wheel running significantly
prolonged the APD90 in both regions and sexes (Figure 3.2A & 3.2B).
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Figure 3.2. The action potential duration (APD90) in apex and base
myocytes show regional difference, and both are significantly
prolonged by exercise training.
A, Original action potential recordings from apex and base myocytes from
SED and TRN female rats. Measurements were obtained at room
temperature with 1 Hz stimulation. B, Mean values ± SE for APD measured
at 90% repolarization of myocytes from SED (apex: N=9, n=36, base: N=9,
n=34) and TRN (apex: N=8, n=37, base: N=8, n=33) rats. Data from male
and female rats were pooled as no significant sex difference was observed
(✝p < 0.05 apex versus base; *p < 0.01 TRN versus SED).

The Ca2+ transient duration monitored with Fluo-4 (Figure 3.3A) mirrored
the regional differences and changes observed in APD90 at 1 Hz stimulation, with
exercise-training significantly prolonging the transient in both the apex (Figure
3.3B; Male 452±13 vs. 507±13 ms; Female 454±9 vs. 503±9 ms) and the base
(Male 549±12 vs. 608±11 ms; Female 563±8 vs. 617±12 ms). This training
induced prolongation was confirmed in measurements with Fura-2 (Figure 3.4).
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Figure 3.3. Ca2+ transients monitored by Fluo-4 correspond to regional
differences and training induced prolongation of the action potential
(AP).
A, simultaneous recordings of Ca2+ fluorescence from the same myocytes
from which AP traces shown in figure 2A were obtained. Ca2+ signal
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amplitude is shown as fluorescence ratio (F/F0), with the fluorescence
intensity (F) normalized to intensity at rest before stimulation (F0); horizontal
calibration bar: 50 ms. B. Base myocytes (SED N=9, n=34; TRN N=8,
n=33) show longer Ca2+ transient durations compared to apex myocytes
(SED N=9, n=36; TRN N=8, n=37). At 1 Hz, exercise-training prolonged the
Ca2+ transient in base and apex myocytes. Data from male and female rats
were pooled as no significant sex difference was observed (*p < 0.01 TRN
versus SED, ✝p < 0.05 apex versus base).

Figure 3.4. Ca2+ transient duration obtained with Fura-2 agreed with
the Fluo-4 measurements (Figure 3.3) on regional differences and
training effects.
Base myocytes show longer Ca2+ transient durations compared to the apex.
At 1 Hz, training prolonged the transient in all tested groups (N = 3, n = 1013 for each group; *p < 0.05 TRN versus SED; ✝p < 0.05 Base versus
Apex).
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The amplitude of the intracellular Ca2+ transient was determined from the
Fura-2 fluorescent intensity ratio at 340/380 nm excitation wavelength (Figure
3.5A). Peak Ca2+ transient amplitudes at 1 Hz was smaller in myocytes from both
sedentary and trained female compared with male rats in both the apex (Figure
3.5B, SED 0.033±0.002 vs. 0.042±0.002 ratio unit; TRN 0.031±0.003 vs.
0.041±0.003 ratio unit) and the base (SED 0.032±0.003 vs. 0.044±0.002 ratio
unit; TRN 0.029±0.002 vs. 0.042±0.002 ratio unit; p<0.05), with no significant
effect observed with exercise-training. The 10 Hz, 60s train significantly
decreased peak Ca2+ transient amplitude and eliminated the sex differences
(Figure 3.5B), an effect associated with and perhaps caused by an elevated
diastolic Ca2+ (Figure 3.5C).
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Representative 1Hz Ca2+ transients (measured with Fura-2) before (left)
and immediately following (right) a 10 Hz, 60s train from the same base
myocytes of sedentary male and female rats highlighting the higher
transient amplitude in males before but not after the10 Hz, 60s train and the
increased cytosolic Ca2+ in both sexes following the train (horizontal
calibration bar: 500ms). B. Means ± SE showing that myocytes from
sedentary and trained males have higher Ca2+ transient amplitude
compared to myocytes from female rats, and that exercise-training had no
effect on the amplitude of the Ca2+ transient. C. Means ± SE showing that
the 10 Hz train increased the myocyte diastolic Ca2+ in both sexes and to
the same extent in sedentary (SED) and trained (TRN) rats. The data are
from apex region at 37°C, the same sex and stimulation rate effects were
observed in base (N = 3, n = 10-13 for each group; *p < 0.05 Female versus
Male; ✝p < 0.05 Post-10Hz versus Pre-10Hz).

Temperature effects
To assess myocytes adaptations at physiological temperatures, APs and
Ca2+ transients were recorded at 37°C. Our results revealed that the exercisetraining induced lengthening of the APD90 and Ca2+ transient at 1 Hz stimulation
remained at 37°C (Figure 3.6), although both were significantly shortened at 37°
C compared to 23° C (Figure 3.6A-3.6C). The Fluo-4 results (Figure 3.6C) were
confirmed with Fura-2 (Figure 3.7).
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Figure 3.6. Action potential duration (APD90) and Ca2+ transient
duration were shortened at body temperature (37 °C), with exercisetraining effect still apparent.
A, representative traces from apex and base showing temperature effect
(upper panels) and exercise-training induced lengthening of APD at 37 °C
(lower panels). B, APD90 in myocytes from both male and female were
shortened by increasing temperature, but still remained longer in TRN (N=8,
n=21) compared to SED (N=9, n=25). C, the Ca2+ transient duration
(obtained with Fluo-4) mirrored the changes observed in APD at 37 °C.
Data shown are from base region with 1 Hz stimulation, the same exercisetraining and temperature effects were observed in apex. Data from male
and female rats are pooled as no significant sex difference was observed
(*p < 0.05 TRN versus SED, ✝p < 0.01 37 °C versus 23 °C).
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23°C, with training induced prolongation still apparent in both male
and female rats.
Data shown are from apex region with 1 Hz stimulation, the same training
and temperature effects were also observed in base (N = 3, n = 10-13 for
each group; *p < 0.05 TRN versus SED; ✝p < 0.05 37°C versus 23°C).

Activation rate effects
To determine the effects of exercise-training on myocyte adaptations at
higher activation rates, we compared low 1 Hz stimulation, where KATP channels
would not be activated, to 5 Hz and10 Hz stimulation representative of heart
rates at rest and during heavy exercise, respectively (Wisløff et al., 2001). The 5
Hz experiments were performed on a subset of animals (SED N = 4, n = 25 and
TRN N = 3, n = 17), and similar to1 Hz, the APD were significantly prolonged in
the wheel trained rats in both the apex (SED 52±2 vs. TRN 61±3 ms) and base
(SED 69±3 vs. TRN 80±4). We observed 10 Hz stimulation to shorten the APD90
compared to 1 Hz in all groups (Figure 3.8A and 3.8B). Importantly, APD90 was
shortened significantly more in myocytes from exercise-trained compared to
sedentary rats in both apex (Figure 3.8B and 3.8C, Male ∆28±2 vs. ∆15±3 ms;
Female ∆31±2 vs. ∆17±1 ms) and base (Male ∆35±2 vs. ∆17±1 ms; Female
∆33±3 vs. ∆21±1 ms). Due to some summation of the Ca2+ transient during 10 Hz
stimulation, we assessed the Ca2+ transient duration recorded at 1 Hz
immediately following a 10 Hz, 60s train. In myocytes from sedentary but not
trained rats the transients were significantly prolonged following the 10 Hz train in
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both the apex (Figure 3.8C and 3.9, Male ∆61±5 vs. ∆34±4 ms; Female ∆57±5
vs. ∆26±3 ms) and base (Male ∆69±6 vs. ∆42±5 ms; Female ∆66±4 vs. ∆35±4
ms).
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Figure 3.8. At 10 Hz, action potential duration (APD90) was shortened
more in myocytes from TRN compared to SED.
A, representative AP traces highlighting high pulse rate induced shortening
(left) and exercise-training effect at 10 Hz (right) B, APD90 is shortened
more with 10 Hz stimulation in myocytes from exercise-trained (N=8, n=23)
compared to sedentary rats (N=9, n=33. C, 10 Hz elicited a greater
shortening of the myocyte APD in trained (TRN) then sedentary (SED) rats
(left), and following a 10 Hz, 60s train Ca2+ transients (monitored with Fluo4) elicited by a 1 Hz pulse increased to a greater degree in myocytes from
sedentary compared to trained rats (SED N=9, n=33, TRN N=8, n=23). The
data in B & C are from apex myocytes at 23°C, the same exercise-training
effect was observed in base myocytes. Data from male and female rats are
pooled as no significant sex difference was observed (*p < 0.05 TRN versus
SED, ✝p < 0.01 10 Hz versus 1 Hz).

Figure 3.9. Ca2+ transients following a 10 Hz train were significantly
prolonged in myocytes from sedentary but not trained rats.
Similar to the results obtained with Fluo-4 (Figure 3.8C), the Ca2+ transients
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of apex and base myocytes measured with Fura-2 were significantly
prolonged following a 10Hz, 60s train (post-10Hz) in sedentary but not
exercise-trained rats. Data shown are from male rats, the same training
effects were also observed in females (N = 3, n = 10-13 for each group; *p <
0.05 TRN versus SED; ✝p < 0.05 Post-10Hz versus Pre-10Hz).

Training effect on β-adrenergic responsiveness
Administration of the non-selective β antagonist propranolol (10μM)
showed no effect on the APD90 in either exercise-trained (Male apex 65±1 vs.
66±3 ms; Female apex 65±1 vs. 65±2 ms; Male base 85±2 vs. 83±2 ms; Female
base 88±2 vs. 87±3 ms) or sedentary (Male apex 57±2 vs. 59±3 ms; Female
apex 55±1 vs. 53±2 ms; Male base 70±2 vs. 68±3 ms; Female base 76±1 vs.
77±3 ms) groups (N=3 and n=11-14 per group). Figure 3.10A shows the doseresponse relationship of the non-selective β agonist ISO on the APD90 expressed
as a % decrease (% change relative to APD90 without agonist). Wheel running
decreased the LogIC50 values (concentration giving half maximal effect) in both
male (apex -8.9 vs. -8.2, base -8.8 vs. -8.2) and female (apex -9 vs. -8.1, base 8.8 vs. -8.1) rats, such that between 0.1 and 100 nM, the drug-response curve
shifted rightward with exercise-training by approximately one log unit compared
to controls. Thus myocytes from wheel-running rats required higher ISO levels to
produce similar reductions in the APD90 observed with myocytes from SED rats.
To distinguish the training effect on β-AR subtypes, myocytes were
stimulated at 1 Hz while exposed to 1 μM isoproterenol (concentration that
elicited peak response) in the presence of 0.1 μM ICI 118,551 (ICI, selective β2-
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AR antagonist) or 0.1 μM Atenolol (Ate, selective β1-AR antagonist). Myocyte
APD90 showed little response to the addition of β2 blocker in the SED (Male apex
32±2 vs. 34±3 ms; Female apex 30±1 vs. 33±1 ms; Male base 40±1 vs. 44±3 ms;
Female base 45±2 vs. 48±3 ms) or exercise-trained (Male apex 39±2 vs. 43±2
ms; Female apex 37± 2vs. 40±3 ms; Male base 47±3 vs. 52±3 ms; Female base
52±2 vs. 56±3 ms) groups. In contrast, the selective β1 blocker largely reversed
the ISO induced shortening of APD90 (figure 3.10B). This reversal occurred in
myocytes from SED (Male apex ∆23±4 ms; Female apex ∆21±5 ms; Male base
∆26±5 ms; Female base ∆25±3 ms) and TRN (Male apex ∆24±4 ms; Female
apex ∆25±3 ms; Male base ∆30±5 ms; Female base ∆31±4 ms; N=3, n=10-14
per group for each blocker tested) groups. This suggests that much of exercisetraining altered responsiveness of APD90 to adrenergic activation is mediated
through β1-ARs.
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Figure 3.10. Dose-response relationship of the non-selective β agonist
Isoproterenol (ISO) and effect of selective β1-AR antagonist atenolol
(Ate) and β2-AR blocker ICI 118,551 (ICI) on ISO-induced APD90
shortening.
A. The measurements obtained from myocytes superfused for >2 mins at
each ISO concentration from 10-11 to 10-6 M were expressed as a %
decrease (APD90 with agonist/APD90 without agonist), the values of APD90
without agonist were from figure 3. Exercise-training shifted the curve
rightward by approximately one log unit in all tested groups. Data from male
and female rats are pooled as no significant sex difference was observed
(N=8, n=20-24 per group; *p < 0.05 TRN versus SED). B. Representative
AP recordings in myocytes from base region of a sedentary male with 1 Hz
stimulation at room temperature before addition of agonist or blocker
(baseline), after the administration of 1 μM ISO alone, and 1 μM ISO plus
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100nM β1-AR blocker (ISO+Ate), or in a separate myocyte in the presence
of 1 μM ISO plus 100nM β2-AR blocker (ISO+ICI).

Discussion

Exercise-training induced cardio-protection is mediated in part by
improving the electrical properties and in turn the force of the heart (Natali et al.,
2002; Stones et al., 2009; Zingman et al., 2011). The heartbeat is initiated by a
pulse of electrical excitation – the cardiac action potential. It is determined by the
interplay of voltage-gated sodium, calcium and potassium channels. Following
activation, cardiac myocytes remain depolarized, the action potential plateau,
due to Ca2+ influx via the L-type voltage-gated Ca2+ channels. The Ca2+ influx
triggers Ca2+ release from the sarcoplasmic reticulum, and the resulting Ca2+
transients initiate myocyte contractions. Myocytes repolarize due to activation of
delayed rectifier and ATP regulated KATP potassium channels returning the
transmembrane potential to the initial resting level allowing myocardial relaxation
and ventricular filling. Thus the excitation-contraction coupling process is closely
regulated by the action potential plateau and the overall AP and Ca2+ transient
durations. Importantly, in this work we showed that regular exercise-training
prolonged myocyte action potential and Ca2+ transient durations in both sexes
and regions of the left ventricle at low activation (1 Hz stimulation), while
shortening both at high 10 Hz stimulation. A novel observation was that wheel
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running shifted the β-agonist dose-response curve rightward compared to
controls by reducing β1-adrenergic receptor responsiveness. These adaptations
help explain the increased efficiency and contractility induced by regular
exercise-training (Gielen, Schuler, & Adams, 2010).
Wheel running as an exercise-training paradigm
The voluntary wheel running produced desirable changes in the APD and
like treadmill running increased the heart/body weight ratio, but without increased
stress that complicates the interpretation of enforced, intense exercise regimes
(Asami, Hirano, Yamaguchi, Itoh, & Kasai, 1998; Moraska, Deak, Spencer, Roth,
& Fleshner, 2000; Natali et al., 2002). The extent and pattern of wheel running in
our study was consistent with previous studies (Craft, Clark, Hart, & Pinckney,
2006; Lightfoot, 2008). Our data showed that female rats ran almost double the
distance of males, and that this increase was in part due to higher running speed.
The explanation for higher running speeds in females is unknown, but it could be
related to sex hormones and the estrous cycle (Chatterton, Hrycyk, & Hickson,
1995; Dworatzek et al., 2014; Gorzek et al., 2007). Despite a large difference in
the amount of running, no differences in cardiac hypertrophy were observed
between male and female rats. Our observation that regular exercise increased
myocyte length but not width provided additional morphological evidence that
training elicited left ventricular cardiac hypertrophy, and agreed with Mokelke et
al. (1997) and Palmer et al.(1998) who found treadmill running in female rats
produced significant increases in mean myocyte capacitance and length, but not
myocyte width. These results suggest that the exercise-training induced cardiac
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hypertrophy unlike pressure overload hypertrophy is due to increased cell length
rather than width (Gielen et al., 2010). Similar levels of cellular hypertrophy were
reported for wheel trained rats by others without comparing sex differences
(Natali et al., 2002; Woodiwiss & Norton, 1995; Woodiwiss, Oosthuyse, & Norton,
1998). However, there may be species differences in susceptibility to hypertrophy
as sex differences in exercise-induced myocardial hypertrophy was observed in
mice with females showing greater hypertrophy than males (Dworatzek et al.,
2014; Konhilas et al., 2004). Besides cardiac hypertrophy exercise-training
programs using wheel and treadmill running both significantly decrease resting
heart rate and increase limb muscle respiratory capacity (Fitts, Booth, Winder, &
Holloszy, 1975; Wisløff et al., 2001).
Effect of exercise-training on APD and Ca2+ transient
A number of studies have shown transmural differences in the AP shape
with endocardial myocytes showing longer durations compared to epicardial cells
(Clark, Bouchard, Salinas-Stefanon, Sanchez-Chapula, & Giles, 1993a; Colli
Franzone, Pavarino, Scacchi, & Taccardi, 2008; Natali et al., 2002; Stones et al.,
2009). Since ventricular activation initiates in the endocardium and spreads
transversely, endocardial myocytes depolarize first, but due to their longer APD
repolarize after epicardial cells. This allows the endocardial cells to remain
contracted during epicardial contraction which may aid ventricular ejection, and
prevent arrhythmias caused by re-excitation of endocardial myocytes (Taggart et
al., 2000).
There are little data on exercise-training induced adaptation in the APD
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other than a study in female rats that reported wheel running to reduce the
transmural difference in APD by lengthening the epicardial APD (Natali et al.,
2002). Our results are consistent with the regional differences reported by others.
However, the wheel training results differ from those of Natali et al.(2002) in that
we observed an exercise-induced prolongation of myocyte APD in cells isolated
from both the apex and base region of male and female hearts, while their study
of females showed a prolongation only in epicardial cells. The reason for this
discrepancy is unknown but could be related to how myocytes representative of
epicardial and endocardial cells were isolated. Natali et al.(2002) harvested the
cells from sub-epicardial and sub-endocardial layers, while we assumed that
cells from the base and apex primarily reflected endocardial and epicardial
myocytes (Clark et al., 1993a). To resolve the discrepancy, future studies should
exam sub-endocardial and sub-epicardial cell layers in the base and apex
regions separately. Another difference between Natali et al. (2002) and our study
is that the AP recorded in our lab showed a plateau above 0 mV, while their AP
plateaued at approximately -30 mV. This negative potential may have reduced K+
repolarizing currents, which would be consistent with the longer APD90 of
sedentary females (epicardial: 76.2 ± 4.4 ms, endocardial: 107.8 ± 6.9 ms)
recorded by Natali et al.(2002). The plateau level and overall length of APs
presented in our study are consistent with those reported by others (Al Kury et
al., 2014; Sun, Ojamaa, Coetzee, Artman, & Klein, 2000). For example, Sun et
al. (2000) studying sedentary male rats showed ventricular cell APs at 25°C to
plateau above 0 mV and have APD90 of 51.3 ± 8.3 ms.
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With 1 Hz stimulation, the Ca2+ transient shape and duration measured
with Fura-2 and Fluo-4 are consistent with previous studies on rat ventricular
myocytes (Al Kury et al., 2014; Hamouda et al., 2015), and mirrored the regional
differences and exercise-training effect observed in APD90. As expected, the
Ca2+ transient durations measured with Fura-2 and Fluo-4 were significantly
shortened at 37°C compared to 23°C as higher temperature would accelerate the
kinetics of sarcolemma ion channels and SR Ca2+ release and re-uptake.
Nonetheless, the exercise-training effects remained apparent at the higher
temperature, suggesting exercise-training either increased Ca2+ inward current or
decreased K+ repolarizing currents at low activation rates. Previous studies
reported that endurance exercise-training had no effect on L-type Ca2+ channel
number or ICa characteristics (Mokelke et al., 1997). Less is known about how
exercise-training alters the various K+ channels. These channels include: the
rapidly activating, transient Ito channel that generates the early repolarization
preceding the AP plateau and the delayed rectifier K+ channels (IK) important in
repolarization following AP plateau (Himmel et al., 1999; Jew, Olsson, Mokelke,
Palmer, & Moore, 2001). Stones et al.(2009) observed 6 weeks of wheel running
exercise in rats to reduce the Ito current density in epicardial myocytes, and
suggested that this adaptation could explain the prolonged monophasic action
potential of epicardial cells on the hearts surface. Clearly, potassium channels as
a possible site of adaptation to exercise-training requires further investigation.
We evaluated the effects of wheel running on myocyte APD90 with 5 and
10 Hz stimulation as these rates are reflective of rat heart rates under rest and
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maximal exercise conditions, respectively (Wisløff et al., 2001). At 5Hz, similar to
1Hz, the exercise-training prolonged the APD90. This suggests that myocyte
activation rates under resting conditions are insufficient to open the KATP channel
or increase β-AR agonist enough to override the reduced response of the β1-AR
to agonist. In contrast, the 10 Hz stimulation rate shortened the APD90 compared
to 1 and 5 Hz in all conditions (including base/apex, male/female,
trained/control), with APD90 shortened more in myocytes from exercise-trained
compare to sedentary rats in both males and females. This suggests that the
exercise-training increased K+ repolarizing currents at the higher activation rate.
This could result from an exercise-training induced increase in the delayed
rectifier and/or KATP channels activated by reduced ATP/ADP ratio when
metabolic demand exceeds oxygen supply (Jew et al., 2001; Nichols, 2006). One
effect of a higher potassium efflux and faster AP repolarization during heavy
exercise would be to limit calcium entry into the cell which would reduce energy
requirements for ion homeostasis and contraction, speed relaxation, and spare
time for ventricular filling. This is supported by our observation that exercisetraining eliminated the Ca2+ transient prolongation observed after the 10 Hz, 60s
stimulation in myocytes from sedentary rats. This suggests that the myocytes
from the trained animals were more effective in Ca2+ removal presumably due to
an increased SERCA pump activity (Carneiro-Junior et al., 2013; Kemi,
Ellingsen, Smith, & Wisloff, 2008; Wisloff, Loennechen, Currie, Smith, &
Ellingsen, 2002). Despite this,10 Hz stimulation elevated diastolic Ca2+ in
myocytes from both sedentary and trained rats which suggests that wheel

64
running was unable to sufficiently increase the intracellular Ca2+ removal
processes.
With 1 Hz stimulation we observed smaller peak Ca2+ transient amplitudes
in myocytes from both trained and sedentary females compared to males. This
sex difference was abolished when myocytes were activated at 1 Hz directly
following a 10 Hz, 60s train, a stimulation pattern that elevated diastolic Ca2+ to a
similar degree in all tested groups. The observation of a sex differences in Ca2+
transient amplitude agrees with Farrell et al. (2010) who reported a reduced
amplitude and duration of the unitary (spark) SR Ca2+ release in myocytes from
females compared to males. Our finding that wheel running caused no significant
alteration in the amplitude of the Ca2+ transient agrees with the finding of Natali
et al. (2002) and Stones et al.(2008), and the observation that L-type Ca2+
current was unaltered by voluntary exercise (Mokelke et al., 1997).
Exercise-training effect on β-adrenergic responsiveness
Repolarizing K+ currents are known to be regulated by the sympathetic
nervous system (Terrenoire et al., 2005; Thomas et al., 2004), and exercisetraining is thought to decrease sympathetic tone at rest (Barbier et al., 2004;
Winder et al., 1978). However, our observation that the non-selective β-AR
antagonist propranolol had no effect on the APD90 in myocytes from any group
rules out the possibility that the prolonged APD90 at 1 Hz following wheel running
was an effect of endogenous β-AR agonist remaining in the cells following
isolation. However, the administration of mixed β-AR agonist ISO shortened
APD90 likely due to increased repolarizing K+ currents. Research suggests that α-
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adrenergic agonists inhibit repolarizing currents and prolong ventricular APD in
isolated cardiomyocytes (Bian, Cui, & McDonald, 2001; van der Heyden,
Wijnhoven, & Opthof, 2006b), while β-adrenergic activity increases outward
current amplitude (Heath & Terrar, 2000; van der Heyden et al., 2006b). Although
the maximal ISO-induced shortening of APD90 was comparable in SED and TRN,
the wheel running decreased the responsiveness of β-stimulation by shifting the
drug-response curve to the right. Thus myocytes from trained rats required
higher ISO levels to produce similar acceleration of AP compared to sedentary
cells. This result could partially explain the observation that wheel running
prolonged monophasic action potential in beating rat hearts (Stones et al., 2009),
as a reduced myocyte response to β-adrenergic agonist would allow α-receptor
mediated inhibition of K+ currents to predominate, thus lengthening the APD (van
der Heyden et al., 2006b; Workman et al., 2012). The reduced β-AR
responsiveness can also explain the well described reduction in resting heart rate
observed in exercise-trained animals (Wisløff et al., 2001).
By applying combination of subtype selective blockers and maximum dose
of ISO, we distinguished whether reduced myocyte AP responsiveness to βadrenergic regulation induced by exercise training was mediated through β1- or
β2-AR. Stone et al.(2008) showed voluntary wheel running reduced myocyte
inotropic response to β2- AR but not β1-AR stimulation. However, our observation
of little response to the addition of β2 blocker revealed that the modulation of β2AR responsiveness to adrenergic regulation of APD is not a major adaptive
mechanism in the response to voluntary exercise. While ISO induced AP
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shortening was largely reversed by selective β1-AR blocker comparably in base
and apex regions. Our results are consistent with Barbier et al. (2004), in which
decreased β1-AR but not β2-AR protein expression was observed with exercisetraining. These results suggest exercise-training affects adrenergic regulation of
APD by reducing primarily β1-AR responsiveness, and this response can at least
in part explain the exercise-training induced increased left ventricular action
potential duration at the whole heart level (Stones et al., 2009).
In summary, exercise-training significantly increased APD measured at 1
and 5 Hz while decreasing APD at 10 Hz. Ca2+ transient durations reflected the
changes observed in APD. Wheel running reduced the myocytes sensitivity to
ISO by shifting the dose-response curve rightward compared to controls, with a
selective alteration of the β1-AR responsiveness as the underlying mechanism.
These exercise-training adaptations should contribute to enhanced cardiac
contractility and efficiency at low heart rates by prolonging the duration of the
Ca2+ transient. In contrast, the shortened APD at high work rates or stress
conditions should maintain a diastolic interval adequate for myocardial relaxation.
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CHAPTER 4

EFFECT OF EXERCISE TRAINING ON VENTRICULAR MYOCYTE
BIOMECHANICS: ROLE OF ΒETA-ADRENERGIC REGULATION

Introduction

Exercise training is known to alter the Ca2+ handling and contractile
function(Natali et al., 2002; Wisløff et al., 2001), which are known to be regulated
by adrenergic activation(Endoh & Blinks, 1988). Mokelke et al.(1997) reported
endurance exercise-training to have no effect on L-type Ca2+ channel number or
ICa characteristics, while Carneiro-Junior et al.(2013) showed 8wk treadmill
running increased Ca2+ transient amplitude and the expression of sarcoplasmic
reticulum Ca2+-ATPase. In contrast, Wisloff et al.(2002) provided evidence of
lower myocyte systolic Ca2+ level in trained compared to control rats. In addition
to the amplitude and duration of the intracellular Ca2+ transient, the mechanical
properties of cardiomyocytes are determined by the relative Ca2+ responsiveness
of the sarcomeres, and the turnover kinetics of the cross-bridges(Hinken &
Solaro, 2007; Solaro, 2011). Diffee and Nagle(2003a; Diffee & Nagle, 2003b)
found that exercise training increased the Ca2+ sensitivity of tension in rat
skinned cardiomyocytes at longer sarcomere lengths similar to those obtained at
the end of diastole, which they predicted would result in greater ventricular
tension at the beginning of systole in trained rats. Whether or not regular
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exercise alters the contractile function of cardiac cell is controversial. Some
studies showed no significant effect of exercise training on cell shortening (Natali
et al., 2001; Palmer et al., 1998), while others demonstrated training to increase
myocyte contractility(Diffee, Seversen, & Titus, 2001; Moore et al., 1993; Natali
et al., 2002; Wisløff et al., 2001). The fundamental structural unit of the cardiac
muscle cell responsible for force and shortening is the sarcomere, thus it’s
important to test at the sarcomere level how exercise training affects contraction
including the extent and rates of shortening and re-lengthening of
cardiomyocytes.
Both intracellular Ca2+ regulation and mechanical function of
cardiomyocytes are known to be regulated by sympathetic (adrenergic)
activation(Endoh & Blinks, 1988). In the heart, acute β-AR stimulation serves as
the most powerful means to regulate cardiac output in response to a fight-or-flight
situation, whereas chronic β-AR stimulation plays an important role in
physiological and pathological cardiac remodeling(Billman, 2009). We have
reported that wheel running shifted the myocyte β-agonist dose-response curve
rightward compared to controls such that higher concentration of the adrenergic
agonist isoproterenol (ISO) was needed to reduce the APD(Wang & Fitts, 2017).
Although the β-adrenergic stimulation is an important factor in determining the
contractility of cardiac muscle, few studies have investigated the effect of
exercise training on the response of the Ca2+ transient or biomechanics to βadrenergic stimulation.
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To assess training induced adaptation in ventricular myocytes
biomechanics, we measured the rate and amplitude of Ca2+ transients and
sarcomere shortening/relaxation in myocytes challenged by different activation
rates with and without β-adrenergic stimulation. Of physiological importance to
the beating heart, exercise-training promoted responses of the Ca2+ transient and
biomechanics to β-adrenergic stimulation factors that would contribute to
enhanced cardiac contractility at rest and during exercise.

Results

Sarcomere shortening and Ca2+ transients. Sarcomere shortening and
intracellular Ca2+ transients showed no significant sex or regional differences
(apex vs base). Therefore, male and female data from both regions of the heart
were pooled (Table 4.1 & 4.2). Wheel running significantly increased shortening
velocity in response to 1, 2, and 5 Hz stimulation (Fig. 4.1), but had no effect on
the amplitude of shortening except at 5 Hz (0.148 ± 0.006 vs. 0.101 ± 0.012 µm;
p< 0.05). Exercise-training also elevated sarcomere relaxation velocity compared
to SED at 5 Hz (2.186 ± 0.047 vs 1.599 ± 0.042 µm/s; p< 0.05) but not 1 or 2 Hz
(Table 4.1). The training-induced increase in sarcomere shortening rate with 1, 2
and 5 Hz stimulation was accompanied by an increase in the rate of the
intracellular Ca2+ rise (Fig. 4.2). No significant differences between TRN and SED
were observed in the peak amplitude or the rate of decline in the Ca2+ transient
at 1, 2, or 5 Hz (Fig. 4.2, Table 4.1).
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Figure 4.1. Wheel running increased myocyte sarcomere shortening
velocity compared to controls at all stimulation frequencies (1, 2 and
5Hz, 37°C).
Compared to 1 & 2 Hz stimulation, 5 Hz increased shortening velocity in
both trained and control groups. N = 9, n = 71-77 for SED groups; N = 6, n
= 61 for TRN groups. *p < 0.05 TRN vs SED;✝p < 0.05 5 Hz vs 1 & 2 Hz.
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Figure 4.2. Temperature and training effect on the rate of rise and fall
in the Ca2+ transient at 1 Hz.
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Left: Compared to room temperature, 37°C increased the rate of rise in the
Ca2+ transient in both TRN and SED groups. Training increased the rate of
rise in the Ca2+ transient compared to SED at both temperature. Right:
higher rate of intracellular Ca2+ decline was observed at 37°C than 23°C in
both groups, training had no effect on rate of fall in Ca2+ transient. N = 6, n
= 51-59 for each group. *p < 0.05 TRN vs SED; ✝p < 0.05 37°C vs 23°C

Table 1. Temperature and exercise-training effect on sarcomere contraction and Ca2+ transient induced by 1Hz
stimulation
SED, 23°C

TRN, 23°C

SED, 37°C

TRN, 37°C

shortening (µm)

0.072 ± 0.011

0.078 ± 0.012

0.094 ± 0.006

0.100 ± 0.007

shortening rate (µm/s)

-1.527 ± 0.034

-1.748 ± 0.047*

-2.198 ± 0.047

-2.597 ± 0.040*

relaxation rate (µm/s)

1.030 ± 0.042

1.094 ± 0.044

Sarcomere

0.793 ± 0.038

0.841 ± 0.035

N

9

6

9

6

n

77

63

77

61

Peak height (ratio units)

0.235 ± 0.009

0.236 ± 0.010

0.243 ± 0.009

0.243 ± 0.013

Increase (ratio unit/s)

1.997 ± 0.021

2.247 ± 0.029*

2.560 ± 0.023

2.867 ± 0.015*

Decline (ratio unit/s)

-0.473 ± 0.019

-0.489 ± 0.022

-0.725 ± 0.036

-0.731 ± 0.02

6

6

6

6

51

59

51

61

Ca

2+

Transient

N
n
2+

Sarcomere shortening and Ca transients were not significantly different between heart regions or sexes so data
were pooled; ratio unit = fura-2 340/380 emission; N = number of animals; n = number of myocytes; *p < 0.05 vs SED;
p < 0.05 vs 23°C.

Table 4.1. Temperature and exercise-training effect on sarcomere
contraction and Ca2+ transient induced by 1Hz stimulation
Sarcomere shortening and Ca2+ transients were not significantly different
between heart regions or sexes so data were pooled; ratio unit = fura-2
340/380 emission; N = number of animals; n = number of myocytes; *p <
0.05 vs SED; ✝p < 0.05 vs 23°C.
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Table 2. β-agonist effect on sarcomere contraction and Ca2+ transient with 1Hz stimulation (37°C)
SED, no ISO

TRN, no ISO

SED, 5 nM ISO

TRN, 5 nM ISO

SED, 1 µM ISO

TRN, 1 µM ISO

shortening (µm)

0.094 ± 0.006

0.100 ± 0.007

0.102 ± 0.005

0.125 ± 0.006* ‡

0.107 ± 0.009

0.172 ± 0.010*

‡

shortening rate (µm/s)

-2.198 ± 0.047

-2.597 ± 0.040*

-2.422 ± 0.043‡

-2.751 ± 0.040* ‡

-2.464 ± 0.035‡

-2.878 ± 0.045*

‡

relaxation rate (µm/s)

1.030 ± 0.042

1.094 ± 0.044

1.594 ± 0.037‡

2.012 ± 0.056* ‡

1.625 ± 0.045‡

2.253 ± 0.045*

‡

N

9

6

9

6

9

6

n

77

61

76

59

76

59

Peak height (ratio
units)

0.243 ± 0.009

0.243 ± 0.013

0.248 ± 0.014

0.248 ± 0.012

0.244 ± 0.011

0.248 ± 0.012

Increase (ratio unit/s)

2.560 ± 0.023

2.867 ± 0.015*

2.564 ± 0.025

2.846 ± 0.031*

2.685 ± 0.028

2.903 ± 0.026*

Decline (ratio unit/s)

-0.725 ± 0.036

-0.731 ± 0.020

-1.057 ± 0.026‡

-0.878 ± 0.022‡

-1.165 ± 0.012‡

-1.211 ± 0.033‡

N

6

6

6

6

6

6

n

51

59

50

55

52

56

Sarcomere

Ca2+ Transient

Sarcomere shortening and Ca2+ transients were not significantly different between heart regions or sexes so data were pooled; ratio units =
fura-2 340/380 emission; N = number of animals; n = number of myocytes; *p < 0.05 vs SED; ‡p < 0.05 vs no ISO; p < 0.05 vs 5nM ISO.

Table 4.2. β-agonist effect on sarcomere contraction and Ca2+
transient with 1Hz stimulation (37°C)
Sarcomere shortening and Ca2+ transients were not significantly different
between heart regions or sexes so data were pooled; ratio units = fura-2
340/380 emission; N = number of animals; n = number of myocytes; *p <
0.05 vs SED; ‡p < 0.05 vs no ISO; ✝p < 0.05 vs 5nM ISO.

Activation rate effects. Compared to 1 & 2 Hz stimulation, 5 Hz increased
shortening and relaxation velocity, and the rate of increase in the Ca2+ transient
in TRN and SED (Fig. 4.1 and Table 4.2 & 4.3). The amplitude of sarcomere
shortening was increased by 5 Hz compared to 1 & 2 Hz stimulation in TRN
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(0.148 ± 0.006 vs. 0.100 ± 0.005 µm) but not SED (0.101 ± 0.012 vs. 0.094 ±
0.011 µm), while the Ca2+ transient amplitude remained similar at 1, 2 and 5 Hz
in both groups (Table 4.2 & 4.3). Increasing stimulation frequency to 5 Hz, also
increased rate of fall in the Ca2+ transient to a similar degree in myocytes from
TRN (0.951 ± 0.024 vs. 0.731 ± 0.02 ratio unit/s) and SED (0.938 ± 0.029 vs.
0.725 ± 0.036 ratio unit/s) animals.
Table 3. β-agonist effect on sarcomere contraction and Ca2+ transient with 5Hz stimulation (37°C)
SED, no ISO

TRN, no ISO

SED, 5 nM ISO

TRN, 5 nM ISO

SED, 1 µM ISO

TRN, 1 µM ISO

shortening (µm)

0.101 ± 0.012

0.148 ± 0.006*

0.17 ± 0.012‡

0.16 ± 0.007

0.177 ± 0.011‡

0.234 ± 0.009*

‡

shortening rate (µm/s)

-2.506 ± 0.049

-3.196 ± 0.057*

-3.115 ± 0.045‡

-3.609 ± 0.048* ‡

-4.365 ± 0.049*

‡

relaxation rate (µm/s)

1.599 ± 0.042

2.186± 0.047*

2.009 ± 0.045‡

2.688 ± 0.036* ‡

1.985 ± 0.023‡

N

9

6

9

6

9

6

n

77

61

76

59

76

59

Peak height (ratio
units)

0.244 ± 0.013

0.242 ± 0.01

0.243 ± 0.015

0.246 ± 0.011

0.245 ± 0.014

0.241 ± 0.012

Increase (ratio unit/s)

2.843 ± 0.027

3.124 ± 0.029*

2.839 ± 0.027

3.201± 0.027*

2.919± 0.022

3.232± 0.023*

Decline (ratio unit/s)

Sarcomere

-3.641 ± 0.023

‡

2.95 ± 0.045*

‡

Ca2+ Transient

-0.938 ± 0.029

-0.951 ± 0.024

-1.311 ± 0.014‡

-1.096 ± 0.03

-1.399 ± 0.036‡

-1.414 ± 0.035‡

N

6

6

6

6

6

6

n

51

59

50

55

52

56

Sarcomere shortening and Ca2+ transients were not significantly different between heart regions or sexes so data were pooled; ratio units =
fura-2 340/380 emission; N = number of animals; n = number of myocytes; *p < 0.05 vs SED; ‡p < 0.05 vs no ISO; p < 0.05 vs 5nM ISO.

Table 4.3. β-agonist effect on sarcomere contraction and Ca2+
transient with 5Hz stimulation (37°C)
Sarcomere shortening and Ca2+ transients were not significantly different
between heart regions or sexes so data were pooled; ratio units = fura-2
340/380 emission; N = number of animals; n = number of myocytes; *p <
0.05 vs SED; ‡p < 0.05 vs no ISO; ✝p < 0.05 vs 5nM ISO.
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Temperature effects. Compared to room temperature, 37°C increased
sarcomere shortening and relaxation velocity, and the rate of rise and fall in the
Ca2+ transient in TRN and SED rats (Fig 4.2 & 4.3 and Table 4.1). No significant
temperature effect was observed in the amount of sarcomere shortening or the
peak height of Ca2+ transient (Table 4.1).
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Figure 4.3. Temperature and training effect on sarcomere shortening
and relaxation velocity at 1 Hz.
Left: Compared to room temperature, 37°C increased sarcomere shortening
velocity in both TRN and SED groups. Training increased sarcomere
shortening velocity compared to SED at both temperature. Right: higher
sarcomere relaxation velocity was observed at 37°C than 23°C in both
groups, training had no effect on relaxation velocity. N = 9, n = 77 for SED
groups; N = 6, n = 61-63 for TRN groups. ✝p < 0.05 37 ℃ versus 23 ℃; *p
< 0.05 TRN versus SED

b-AR agonist effects. At 1 & 2 Hz stimulation, ISO (5 nM) increased
sarcomere shortening velocity (Fig. 4.4) with the effect greater in SED vs. TRN,
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(D 0.224 ± 0.012 vs. D 0.154 ± 0.009 µm/s). The 5 nM ISO effect on shortening
velocity at 5 Hz was qualitatively similar (i.e. greater effect in SED), but with a
higher magnitude (D 0.609 ± 0.017 vs. D 0.413 ± 0.014 µm/s). However,
shortening rate remained significantly higher in TRN compared to SED (Table 4.2
& 4.3).

no ISO

5 nM ISO

1 µM ISO

sarcomere shortening
velocity (µm/s)

0
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*
**
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Figure 4.4. Exercise training and isoproterenol (ISO) effect on
sarcomere shorting rate.
Left: Representative sarcomere shortening (A) and Ca2+ transient traces (B)
at 37°C with 1Hz stimulation. Best fit lines are showed to demonstrate the
measurement of sarcomere shortening and relaxation rates. Right: In
absence & presence of b-agonist, training increased sarcomere shortening
velocity compared to SED. The addition of 5 nM ISO increased sarcomere
shortening velocity in both SED and TRN. 1 µM ISO had larger effect than 5
nM ISO on shortening velocity in TRN but not SED. N = 9, n = 76-77 for
SED groups; N = 6, n = 59-61 for TRN groups. *p < 0.05 TRN vs SED; ** p
< 0.05 5nM ISO vs no ISO;✝p < 0.05 1µM ISO vs 5nM ISO
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The effect of 5 nM ISO on the extent of sarcomere shortening was Hz
dependent as 1 & 2 Hz increased the amount of sarcomere shortening in TRN
but not SED (Fig. 4.5), and 5 Hz significantly increased SED (0.170 ± 0.012 vs.
0.101 ± 0.012 µm; p < 0.05) but not TRN (0.160 ± 0.007 vs. 0.148 ± 0.006 µm).
As a result, in the presence of ISO, the extent of shortening with 5 Hz stimulation
was similar between groups (Table 4.3). Thus, in contrast to 1 & 2 Hz stimulation,
training did not elevate the amount of sarcomere shortening at 5 Hz in the
presence of 5 nM ISO (Table 4.2 & 4.3).
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Figure 4.5. At 37°C with 1Hz stimulation, training elevated shortening
amount and sarcomere relaxation velocity in the presence of bagonist.
Left: 5 nM ISO increased the amount of sarcomere shortening in TRN but
not SED. 1 µM ISO had larger effect than 5 nM ISO on sarcomere
shortening amount in TRN but not SED. Right: The addition of 5 nM ISO
increased sarcomere relaxation velocity in both TRN and SED, the increase
was larger in TRN. 1 µM ISO had larger effect than 5 nM ISO on relaxation
velocity in TRN but not SED. N = 9, n = 76-77 for SED groups; N = 6, n =
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59-61 for TRN groups. *p < 0.05 TRN vs SED; ** p < 0.05 5nM ISO vs no
ISO;✝p < 0.01 1µM ISO vs 5nM ISO

ISO (5 nM) increased relaxation velocity more in TRN compared to SED at
1 Hz (D 0.918 ± 0.038 vs. D 0.564 ± 0.026 µm/s), and 5 Hz (D 0.503 ± 0.014 vs. D
0.410 ± 0.012 µm/s; p < 0.05). Consequently, at all frequencies studied, in the
presence of 5 nM ISO, sarcomere relaxation rate was significantly higher in TRN
(Table 4.2 & 4.3).
In the TRN group, the ISO effect at 1 & 2 Hz was dose dependent as 1 µM
ISO had a greater effect than 5 nM ISO on shortening & relaxation velocity, and
the amount of shortening (Fig. 4.4 and 4.5). A dose dependence for ISO was not
observed in the SED group. Similar to 5 nM ISO, 1 µM ISO significantly
increased myocyte sarcomere shortening velocity in response to 5 Hz stimulation
in TRN (4.365 ± 0.049 vs. 3.169 ± 0.057 µm/s; p < 0.05) and SED (3.641 ± 0.023
vs. 2.506 ± 0.049 µm/s; p < 0.05) rats. Unlike 5 nM ISO, the increase was similar
in TRN and SED (D 1.196 ± 0.028 vs. D 1.135 ± 0.024 µm/s). At 5 Hz, 1 µM ISO
had a larger effect than 5nM ISO on the amount of shortening and sarcomere
relaxation velocity in TRN but not SED (Table 4.2 & 4.3). These results indicate
that wheel running increased sarcomere shortening and velocity of shortening
and relaxation compared to controls at 5Hz under b-AR activation.
The rate of decline in the Ca2+ transient was significantly elevated by 5 nM
ISO in both groups (Table 4.2) with a similar response at 1 & 2 Hz. While the
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extent of the increase was higher in SED than TRN (D 0.332 ± 0.015 vs. D 0.147
± 0.011 ratio unit/s), the mean values reached were not different (Table 4.2).
Although the rate of intracellular Ca2+ decline was further elevated by 1 µM
compared to 5 nM ISO in TRN, the mean values were similar between groups
(Table 4.2). In contrast, the 5 nM ISO had no effect on rate of rise or peak height
of the Ca2+ transient in either group (Fig. 4.6 and Table 4.2). The rate of rise in
Ca2+ transient at 5 Hz in the presence of 5 nM and 1 µM ISO was not significantly
different from 5 Hz values without b-agonist, and remained higher in TRN
compared to SED (Table 4.3). At 5 Hz, the peak height of Ca2+ transient was
similar in both groups and unaltered by b-AR stimulation (Table 4.3). 5 nM ISO
elevated the rate of fall in 5 Hz Ca2+ transient in SED but not TRN (Table 4.3).
Compared to 5nM ISO, the rate of intracellular Ca2+ decline at 5 Hz was further
increased by 1 µM ISO in TRN (1.096 ± 0.03 vs. 1.414 ± 0.035 ratio unit/s; p <
0.05) but not SED (1.311 ± 0.014 vs. 1.399 ± 0.036 ratio unit/s), however, the
mean values were similar between groups.
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Figure 4.6. At 37°C with 1Hz stimulation, training elevated the rate of
rise in the Ca2+ transient in the presence of b-agonist.
Training increased the rate of Ca2+ rise compared to SED. In absence &
presence of b-agonist, The Ca2+ increase rate remained higher in TRN
compared to SED. N = 6, n = 50-52 for SED groups; N = 6, n = 55-59 for
TRN groups. *p < 0.05 TRN versus SED

Discussion

The protective effects of exercise training on cardiomyocyte function are
mediated by enhanced myocardial contractility and cardiomyocyte calcium
handling. The primary findings in this chapter are that wheel running significantly
increased ventricular myocyte shortening velocity and rate of the intracellular
Ca2+ rise at all stimulation frequencies. Importantly, training elevated the amount
of sarcomere shortening elicited by 5 Hz stimulation, and in the presence of βagonist, without affecting the amplitude of the Ca2+ transient. The effect of βagonist was dose dependent in TRN but not SED animals. These results suggest
that exercise training elevated cross-bridges kinetics and Ca2+ sensitivity of the
myofilaments and enhanced the responsiveness of cross-bridge cycling and Ca2+
removal from the cytoplasm to β-AR stimulation.
Contractile properties. Wheel running significantly increased ventricular
myocyte shortening velocity, and the rate of rise in the intracellular Ca2+ transient.
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As the speed of muscle contraction is determined by the myofibrillar ATPase
activity, the more rapid shortening rate in TRN may be attributed to increased
myosin ATPase activity(Barany, 1967b). The accelerated rate of intracellular
Ca2+ rise with stimulation might be explained by increased number and/or faster
activation of SR ryanodine receptors. It seems unlikely to be due to increase
Ca2+ influx as regular exercise has been reported not to affect the L-type Ca2+
channel number or ICa characteristics(Mokelke et al., 1997). At 1 and 2 Hz, no
training effect was observed in shortening amplitude, which is consistent with our
and others’ studies(Laughlin, Schaefer, & Sturek, 1992; Natali et al., 2001;
Palmer et al., 1998). At 5 Hz, training increased shortening which agrees with
Wisloff et al.(2001) who showed that myocytes from treadmill trained rats
displayed a significantly greater fractional shortening than the sedentary group at
stimulus frequencies >2 Hz. In contrast, Natali et al.(2001), showed no effect of
voluntary running on shortening amplitude at stimulation frequency from 1 to 9
Hz in female rats. In our study, the exercise-training induced increase in the
amplitude of shortening with 5 Hz stimulation occurred without change in the
Ca2+ transient amplitude. This could be explained by an increased cross-bridge
cycling rate due to an elevated myofibril ATPase activity and/or an increased
myofilament Ca2+ sensitivity (Baldwin et al., 1975; Baldwin et al., 1977; Diffee et
al., 2001; Wisløff et al., 2001).
As expected, 37°C increased sarcomere shortening and relaxation
velocity, and the rate of rise and fall in the Ca2+ transient compared to 23°C, as
the higher temperature would accelerate the kinetics of the cross-bridges
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turnover and Ca2+ handling by the SR and sarcolemma. At high heart rates,
frequency-dependent acceleration of cardiac contraction plays an important role
in maintaining efficient ventricular filling within reduced diastolic interval. We
showed that increasing stimulation rate to 5Hz increased shortening and
relaxation velocity, and the rate of onset and decline in the Ca2+ transient. The
molecular mechanisms controlling contraction rate and its adaptation to regular
exercise are not completely understood. However, myocyte shortening velocity is
thought to be limited by myosin ATPase activity(Barany, 1967b) with increased
activity of this enzyme accelerating cross-bridge cycle rate. Regular exercisetraining has been shown to increase ventricular myosin ATPase activity(Baldwin
et al., 1975; Baldwin et al., 1977), and a correlation between an increased
maximal shortening velocity and myofibrillar ATPase activity has been
demonstrated for slow soleus fibers following exercise-training(Schluter & Fitts,
1994). In addition to direct effects on myofibrillar ATPase, the increase extent
and rate of shortening induced by training could be due to an increased Ca2+
sensitivity. Diffee et al.(2003a) showed regular exercise-training to increase
myocyte Ca2+ sensitivity at long sarcomere lengths experienced at the onset of
systole, and Wisløff et al.(2001) observed increased myocyte shortening in the
face of a reduced intracellular Ca2+ content following exercise-training. The
molecular mechanism of an exercise-induced increase in myocyte Ca2+
sensitivity is unknown. One possibility is an increase in the degree of myosin light
chain 2 phosphorylation which has been shown to increase Ca2+
sensitivity(Colson et al., 2010). Additionally, regular exercise may increase thick
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filament cooperativity by accelerating cross-bridge formation(Stehle & Iorga,
2010).
Role of β-adrenergic activation. With exercise, sympathetic tone increases
and facilitates cardiac activation and output via a variety of mechanisms including
an increase in HR and contractility. Sympathetic stimulation acts through betaadrenergic receptors elevating adenylyl cyclase and cAMP which activates
protein kinase A (PKA). PKA phosphorylates myofilament proteins troponin I and
myosin binding protein C as well as the ryanodine receptor and phospholamban
which together act to accelerate contraction and relaxation(Billman, 2009; Colson
et al., 2010; Ross et al., 1995; Stehle & Iorga, 2010; Woo & Xiao, 2012).
Previously, I demonstrated that regular wheel running down regulated the β-AR
response such that the APD at low activation rates (≤ 5 Hz) was prolonged in
myocytes from trained rats(Wang & Fitts, 2017). However, with contractility down
regulation of β-AR response was not observed as a submaximal dose of ISO (5
nM) increased the amplitude of myocyte shortening during 1 Hz stimulation in
trained but not control rats. This training induced effect would contribute to an
increased left ventricular ejection fraction, stroke volume, and cardiac output
factors known to be hallmarks of the heart’s adaptation to regular
exercise(Gielen, Schuler, & Adams, 2010).
At 1 & 2 Hz, ISO (5 nM) accelerated sarcomere shortening rate in both
SED and TRN but had no effect on rate of rise or peak height of the Ca2+
transient in either group. This suggests that in isolated myocytes, β-AR
stimulation accelerates cross-bridge cycling due to a direct effect possibly
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mediated by PKA phosphorylation of myosin binding protein-C (cMyBP-C), which
increases cross-bridge binding and the kinetics of force development (Colson et
al., 2012). ISO (5 nM) increased relaxation velocity and elevated the rate of
decline in the Ca2+ transient in both groups. This may have occurred as a result
of phosphorylation of troponin-I and phospholamban by PKA which would
accelerate Ca2+ release from troponin and reuptake by the SR, respectively. In
the TRN group, a dose dependence for ISO was observed, as 1 µM ISO
increased myocyte shortening, shortening & relaxation velocity, and the rate of
Ca2+ transient decline to a greater degree than 5 nM ISO. This suggests that
wheel running may enhance responsiveness to β-AR stimulation of myofilament
proteins cMyBP-C and troponin-I. During relaxation the SR Ca2+-pump is
dominant (87-92%) over other Ca2+ transporters in Ca2+ removal(Bassani et al.,
1994; Negretti, O'Neill, & Eisner, 1993), thus training elevated β-AR
responsiveness of intracellular Ca2+ decline could be explained by increased
activity of SR Ca2+-pump regulated by phospholamban.
The observation that 5 Hz shortening amplitude was increased by wheel
running in the absence of β-agonist, to a similar value obtained in SED rats with
5 nM ISO, without being further elevated by 5 nM ISO, suggests the exercise
training induced increase in shortening overrode the β-agonist effect. One
possibility is that regular exercise increased PKA and/or reduced phosphatase
activity increasing phosphorylation of cMyBP-C independent of a β-agonist
effect(Stelzer et al., 2007). With a higher dose of β-agonist (1 µM ISO), myocyte
relaxation rate was higher in TRN compared to SED rats with similar Ca2+
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transient decay rate in both groups. This may have resulted from a wheel running
induced increase in the phosphorylation of troponin-I by PKA.
In summary, wheel running significantly increased ventricular myocyte
shortening velocity and rate of the intracellular Ca2+ rise at all stimulation
frequencies. In the presence of β-agonist, exercise training elevated the amount
of sarcomere shortening. The effects of β-agonist on myocyte shortening,
shortening & relaxation velocity, and the rate of Ca2+ transient decline were dose
dependent in TRN but not SED animals. Our results suggest that exercise
training elevated kinetics of cross-bridge cycling and Ca2+ sensitivity of the
myofilaments and enhanced the responses of biomechanics and Ca2+ reuptake
to β-AR stimulation. These training induced adaptations would contribute to
enhanced myocardial contractility and cardiomyocyte calcium handling at rest
and during exercise.
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CHAPTER 5

EXERCISE TRAINING EFFECT ON ATP SENSITIVE POTASSIUM CHANNEL:
IMPLICATIONS FOR THE ACTION POTENTIAL DURATION

Introduction

Electrical properties are known to vary across different regions of the
ventricle, with myocytes from base (primarily sub-endocardial layer) showing
longer action potential durations compared to apex (primarily sub-epicardial
layer). We reported that regular exercise prolonged the APD and Ca2+ transient
in myocytes isolated from base and apex of the rat heart at 1and 5 Hz, while
shortening both at 10Hz stimulation. The exercise-training induced prolongation
of the APD at £ 5Hz activation (range of resting heart rate) was in part due to a
down regulation of the β1-adrenergic response to agonist, while the reduced APD
at 10 Hz suggests that the exercise-training increased K+ repolarizing currents at
the higher activation rate. 10 Hz was used to assess modulations under
conditions of metabolic stress likely experienced during heavy exercise.
Regulation of the KATP channel is particularly important in controlling APD at high
heart rate as it is activated by reduced ATP/ADP ratio when metabolic demand
exceeds oxygen supply(Foster & Coetzee, 2016). KATP channel-dependent
potassium efflux accelerates repolarization, shortening the cardiac action
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potential, which limits calcium entry into the cell(Nichols, 2006). This reduces
energy requirements for ion homeostasis and maintains a diastolic interval
adequate for myocardial relaxation(Zingman et al., 2011). KATP channels have
been shown to play an important role in the cardio- protection against myocardial
infarction in animal models(Brown et al., 2005; Chicco et al., 2007). While
exercise-training and as few as 5 days of running have been shown to increase
KATP content(Zingman et al., 2011), the extent to which regular exercise-training
increases the KATP channel content/function in different regions of the heart, and
whether sex differences exist, remains to be established. Studies in this chapter
determined the mechanism underlying exercise-induced APD shortening at 10Hz
and the relative importance of β-AR subtypes and the KATP channel in mediating
the response to exercise-training.

Results

The KATP inhibitor Gli (2 µM) prolonged APD90 at 10 Hz. The prolongation
was significantly greater in myocytes from exercise-trained (Male apex: ∆17±3
ms; Female apex: ∆23±4 ms; Male base: ∆11±2 ms; Female base: ∆15±3 ms)
compared to control rats (Male apex: ∆10±3 ms; Female apex: ∆15±3 ms; Male
base: ∆7±1 ms; Female base: ∆10±2 ms). Regional differences in Gli induced
prolongation were also observed in trained male and female rats, with greater
changes observed in apex compared to base (Figure 5.1).
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Figure 5.1. At 10 Hz, action potential duration (APD90) was prolonged
more by KATP inhibitor Glibenclamide (Gli) in myocytes from TRN
compared to SED.
The APD90 differences before and after the administration of 2 μM Gli with 10
Hz stimulation were significantly greater in myocytes from TRN compared to
SED. In myocytes from trained rats, Gli induced APD90 prolongation was
greater in apex compared to base region. Data from male and female rats are
pooled as no significant sex difference was observed (N=6, n=32-38 per
group; *p < 0.05 TRN versus SED; ✝p < 0.05 Base versus Apex).

When myocytes were exposed to maximal response dose of ISO (1 µM)
and stimulated at 10Hz, both β-AR and KATP activation contributed to APD
shortening. Figure 5.2 shows the relative importance of β-AR and KATP together
with other unknown factors in different regions from both male and female rats. In
both regions and sexes, β-AR stimulation produced the greatest effect (Male
apex: 57±15%; Female apex: 50±12%; Male base: 61±17%; Female base:
58±14%), however, the contribution of the KATP channel was still important (Male
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apex: 23±11%; Female apex: 38±10%; Male base: 14±7%; Female base:
19±8%). No significant differences were observed between apex and base region
or male and female groups.

Figure 5.2. Relative contribution of β-AR stimulation and KATP activation
in myocytes from apex and base of sedentary male and female rats.
Three-section pie charts were plotted to highlight the effects of β-AR and KATP
on APD shortening at 10Hz. Sections of unknown factors represent the
missing proportions to make the charts complete. β-AR activation has a larger
effect than KATP channel opening in all tested groups. Data from male and
female rats are pooled as no significant sex difference was observed (N=6,
n=24-26 per group).

Myocyte APD90 (23°C) from SED group were significantly longer in base
(70±2 ms in males and 76±3 ms in females) than apex (57±2 ms in males and
55±2 ms in females). The difference in APD90 between the base and apex was
also observed in myocytes from TRN animals (85±4 vs. 65±2 ms in males and
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88±4 vs. 65±3 ms in females), and wheel running significantly prolonged the
APD90 in both regions and sexes (Fig. 5.3). With 1 Hz stimulation, the
administration of KATP activator pinacidil (100 µM) shortened APD90 in the SED
and TRN to values similar to those obtained at 10Hz without drug. Pinacidil did
not further reduce APD90 at 10Hz stimulation. The ms decrease in the APD90
induced by pinacidil at 1Hz was significantly greater in myocytes from exercisetrained [apex: 23 ± 4 ms (male) and 26 ± 4 ms (female); base: 22 ± 3 ms (male)
and 21 ± 4 ms (female)] than control [apex: 13 ± 2 ms (male) and 13 ± 3 ms

APD (ms)

(female); base: 14 ± 3 ms (male) and 15 ± 2 ms (female)] rats.
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Figure 5.3. At 23°C and 1 Hz stimulation, KATP activator pinacidil
shortened action potential duration (APD) more in myocytes from TRN
compared to SED rats.
Top: overlapping representative AP traces in apex myocytes from SED and
TRN female rats. Measurements were obtained at room temperature with 1Hz
stimulation. Bottom: longer APD was observed in base compared to apex
myocytes. In the presence of pinacidil, 10 Hz stimulation had no effect on APD
shortening compared to 1 Hz in either TRN or SED. N = 7-8, n = 27-34 for
each group; *p < 0.05 TRN vs SED; ✝p < 0.05 BASE vs APEX; **p < 0.05
1Hz+Pinacidil vs 1Hz

Whole cell KATP current density were compared between TRN and SED
with dSEVC. The current-voltage relationship of KATP channel (Fig. 5.4) showed
that myocytes from TRN animals exhibited larger KATP currents compared to
myocytes from SED rats. For example, the pinacidil activated current density at
voltage step of 40 mV was significantly higher in myocytes from TRN than SED
(Fig. 5.4). This training effect was observed in both apex and base regions of
male and female animals.
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Figure 5.4. Myocytes from trained rats exhibited larger KATP currents
compared to sedentary ones.
A: Representative dSEVC recordings in myocytes isolated from apex of
sedentary and trained males before and after the addition of KATP activator
pinacidil (100μM) in the perfusate. Current is normalized to membrane
capacitance (pA/pF). Inset: stimulation pattern. B: Mean data of whole cell
KATP channel current normalized to cell capacitance (pA/pF) in response to
pinacidil at pulse step applied to 40 mV. The current densities were higher
in myocytes isolated from apex and base regions of trained compared to
sedentary rats. C. Current-voltage relationships of KATP channels obtained
as pinacidil activated current at voltage steps from -100mV to 40mV using

40
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rectangular pulses demonstrated in panel A. N = 5, n = 14-16 for each
group; *p < 0.05 TRN vs SED

Figure 5.5 demonstrates the protein expression level of KATP channel
pore-forming subunit Kir6.2 and regulatory subunits SUR2A. In both males and
females, little regional difference of Kir6.2 were observed in SED rats, however,
wheel running significantly elevated Kir6.2 expression in apex of male (2.71 ±
0.17 vs. 1.09 ± 0.04), and female (2.47 ± 0.23 vs. 0.98 ± 0.06) rats, but had no
effect on the base region (Fig. 5.5). In SED rats, higher SUR2A density was
observed in apex [0.95 ± 0.06 (Male), 1.07 ± 0.08 (Female)] compared to base
[0.28 ± 0.05 (Male), 0.22 ± 0.07 (Female)]. Exercise training significantly upregulated myocyte SUR2A expression in base region of male (0.73 ± 0.08), and
female (0.94 ± 0.11) rats, and eliminated reginal difference in females.
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Figure 5.5. Exercise-training increased KATP channel expression.
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Left: In both males and females, exercise training significantly elevated Kir6.2
expression in apex but not base region. Right: In sedentary males and
females, higher SUR2A density was observed in apex compared to base.
Exercise training eliminated the difference in females by increasing the
expression level in base region. Kir6.2 and SUR2A content (Band intensity)
was normalized to pooled sedentary male apex sample, and mean values of
each tested group were compared with one-way ANOVA (Tukey test was used
for post hoc comparison). N=6 for each group; *p < 0.05 TRN vs SED; ✝p <
0.05 BASE vs APEX

Discussion

The previous chapters showed that regular wheel running prolongs the
APD at low activation rates representative of resting heart rate (HR), while
shortening the APD at rates mimicking exercise HR’s(Wang & Fitts, 2017). The
regular exercise induced prolongation of the APD at £ 5Hz activation was in part
due to a down regulation of the β-AR response. Results in this chapter showed
wheel running to elevate the expression level and current density of the KATP
channel, and demonstrated the importance of this channel in the activity induced
shortening of the APD. The up-regulation of KATP channel-dependent potassium
efflux by regular exercise would accelerate cardiac repolarization, prevent Ca2+
overload, reduce energy requirements for ion homeostasis and allow adequate
time for myocardial relaxation at high heart rate or under conditions of metabolic
stress.
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As molecular sensors of cytoplasmic nucleotide content, KATP channels
are highly expressed in cardiac sarcolemma. Under resting state, the KATP
channel is inhibited by the non-hydrolytic binding of ATP. With increased cellular
metabolic demand, it is activated by reduced ATP/ADP and ATP/AMP ratio in a
Mg2+-dependent manner(Foster & Coetzee, 2016; Nichols, 2006). We showed in
SED and TRN that the KATP activator pinacidil shortened 1Hz APD90 to values
similar to the 10Hz APD90. The observation that the drug did not further reduce
APD90 when present at 10Hz stimulation suggests the APD90 shortening with
high frequency was caused by KATP channel opening in both groups. The data
further suggest that 10Hz was sufficient to generate high metabolic demand that
reduced ATP/ADP ratio and activated KATP channels. The pinacidil induced
APD90 shortening at 1Hz was significantly greater in myocytes from TRN than
SED, which is consistent with our observation that KATP channel inhibitor
glibenclamide prolonged the 10Hz APD90 more in exercise-trained compared to
SED groups(Wang & Fitts, 2017). This suggests regular exercise increased KATP
channel-dependent potassium efflux, limited the calcium entry, and accelerated
repolarization, which reduces energy requirements for ion homeostasis and
maintains a diastolic interval adequate for myocardial relaxation.
By applying discontinuous single electrode voltage clamp, we were able to
isolate KATP currents as the difference in current in the absence and presence of
KATP activator. Myocytes from TRN males and females exhibited larger whole cell
KATP currents density compared to SED condition. This result is consistent with
the finding of Zingman et al.(2011) who found 5-days of treadmill running in mice
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to increased ventricular KATP current density from holding potential -50mV to
voltage step of +40mV. Our results extend their finding by demonstrating the
exercise-training effect on KATP current exists in both apex and base regions of
the left ventricle. KATP channels are formed by the specific combination of two
subunits: the pore-forming inwardly rectifying potassium channel, Kir6.2, together
with the regulatory sulfonylurea receptor, SUR2A subunit (Nichols, 2006). The
KATP channel pore is lined by four Kir6.2 subunits and each Kir6.2 subunit
requires one SUR2A subunit to generate a functional channel. The wheelrunning induced increase in Kir6.2 and SUR2A content should promote functional
channel formation and thus contribute to the larger KATP current observed in the
TRN group.
Our results agree with previous findings that 5-days and 12-weeks of
treadmill running up-regulated ventricular Kir6.2 and SUR2A(Brown et al., 2005;
Zingman et al., 2011). We extended those observations to show that the
exercise-induced increase in Kir6.2 content was restricted to the apex of left
ventricle and occurred in both males and females; while the elevated SUR2A
content occurred only in base region of male and female rats. Previous studies
have reported the inability of Kir6.2 to traffic to the cell membrane in the absence
of SUR subunits(Hough, Beech, & Sivaprasadarao, 2000), and the presence of
both Kir6.2 and SUR2A is an absolute requirement to form a functional KATP
channel(Babenko et al., 1998; Inagaki et al., 1996). In the apex region of the
heart, we observed high levels of SUR2A in both SED and TRN animals, thus the
wheel running increased Kir6.2 subunit content in the apex would be expected to
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result in more functional KATP channels and larger KATP current. The increased
KATP current in base myocytes from TRN rats cannot be explained by an
increased Kir6.2, but may have resulted from a more favorable ratio of
Kir6.2/SUR2A which due to the increase in SUR2A was near 1.0 post-training.
Conclusive mechanisms will require studies aimed at determining how regular
exercise alters trafficking of assembled Kir6.2 and SUR2A subunits to the plasma
membrane.
It’s not clear if differences exist between adaptations resulting from 5-days
of running(Zingman et al., 2011) versus ≥ 6 weeks of chronic exercise-training or
whether the duration of the protection post-training are different. The former
suggests that the increased KATP channel content with running may not require
increased protein synthesis but rather just insertion of already synthesized
protein into the sarcolemma membrane. It has been shown that the KATP channel
is required for cardio-protective benefits of exercise-training against
ischemia/reperfusion injury(Brown et al., 2005; Chicco et al., 2007; Kane et al.,
2004; Zingman et al., 2011). Our results suggest that regular exercise induced
cardio-protection is mediated at least in part by electrical remodeling involving
the upregulation of repolarizing current generated by KATP channel.
The results also demonstrate that while the β-AR mechanism is
quantitatively most important in reducing the APD at high activation rates, both βAR and KATP channel play important roles. The results also rule out the possibility
that sympathetic nervous system regulation (i.e. β-AR activation) can override
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the contribution of KATP channel to ventricular repolarization, and validated
importance of both to the training induced adaptations in myocyte function.
In summary, our findings demonstrate the exercise induced up-regulation
of KATP channel, reflected by elevated expression level of channel subunits,
current density, as well as its contribution to APD shortening at high activation
rates. A novelty of the work is the demonstration of the duel importance of altered
β-AR responsiveness and KATP channel function in the training-induced
regulation of the APD. Regular exercise induced elevation of KATP channel K+
efflux helps reduce the energy consumption and maintain diastolic interval
adequate for myocardial relaxation at high heart rates.
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CHAPTER 6

EXERCISE TRAINING EFFECT ON SLOWLY ACTIVATING DELAYED
RECTIFIER POTASSIUM CHANNEL: IMPLICATIONS FOR THE ACTION
POTENTIAL DURATION

Introduction

Exercise-training induced cardio-protection is mediated in part by
improving the electrical and contractile properties of the heart(Natali et al., 2002;
Stones et al., 2009; Zingman et al., 2011). I showed in Chapter 3 that exercisetraining significantly increased APD of apex and base myocytes at 1 and 5 Hz.
The observation that the non-selective β-AR antagonist propranolol had no effect
on the APD in myocytes from any group rules out the possibility that the
prolonged APD at 1 Hz following wheel running was an effect of endogenous βAR agonist remaining in the cells following isolation. These results suggest
alterations of sarcolemma K+ channels independent of adrenergic factors must
play a role in the training adaptation. K+ efflux through delayed rectifier channels
is responsible for ventricular repolarization, two major components IKs and IKr
have been identified in rat heart(Sakatani et al., 2006; Wymore et al., 1997). The
rapidly activating IKr channel is composed of a pore-forming α subunit, ERG
(KCNH2) and associate with a regulatory β subunit MiRP1 (KCNE2)(McDonald et
al., 1997). The slowly activating component IKs is a protein complex composed of
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a pore-forming α subunit KvLQT1 (KCNQ1), a function-altering β subunit, minK
(KCNE1), and intercellular proteins critical for controlling the phosphorylation
state of IKs (Marx et al., 2002; Sanguinetti et al., 1996). Decreased IKs and IKr
current induced by mutations of KCNH2, KCNE2, KCNQ1 and KCNE1 are known
to cause different types of long QT syndrome accompanied by an increased risk
of Torsades de Pointes and ventricular fibrillation(Splawski et al., 2000).
Regional differences in IKs and IKr currents are known to exist in left
ventricle in different species. In guinea pig, smaller IKs and IKr currents were
detected in ventricular myocytes from sub-endocardial layer than sub-epicardial
layers(Bryant et al., 1998). In ventricular myocytes from rabbits, IKs current was
higher in base (primarily endocardial) compared to apex (primarily epicardial)
region, while IKr current was higher in the apex compared to base region(Cheng
et al., 1999). The relative contribution of IKs and IKr channels to ventricular
repolarization in rats and their adaptations to regular exercise remains to be
studied. To elucidate these factors, I determined the extent to which wheelrunning alters the current-voltage relationship and current density of IKr and IKs
channels, and the expression level of IKs channel proteins.
β-adrenergic regulation of ion channels responsible for ventricular
repolarization plays an important role in accelerating the HR and shortening the
APD. The K+ current through IKs is enhanced by β-adrenergic stimulation via
elevation of intracellular cAMP and PKA resulting in channel phosphorylation. In
vitro studies have reported that the assembly of IKs macromolecular complex
involving KCNE1 co-assembly to KCNQ1, the binding of yotiao to KCNQ1, and
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PKA phosphorylation of Ser27 in KCNQ1 are necessary for β-adrenergic
regulation of APD through IKs channels. In guinea-pig, β-AR agonist was shown
to increase ventricular IKr amplitude through elevation of both PKA and PKC
activation(Heath & Terrar, 2000). While in rats, regulation of IKr by β-AR
activation does not involve PKC(Schonherr & Heinemann, 1996). Using selective
blockers, Sakatani et al.(2006) reported that in ventricular myocytes from male
rats, IKs was more affected by β-adrenergic stimulation compared to IKr. The
response of IKs and IKr to β-adrenergic stimulation in rat hearts and the effect of
exercise training on the responsiveness remains to be tested. To address this
issue, I determined current-voltage relationship of IKs and IKr channels in the
presence and absence of β-adrenergic stimulation in ventricular myocytes
isolated from trained and sedentary rats. Studies in this chapter also examined
the mechanism underlying exercise-induced myocyte AP prolongation at low
stimulation rate.

Results
IKs and Ikr currents. Whole cell IKs and Ikr were measured as the current
difference before and after the administration of IKs blocker Chromanol 293B
(30µM) or Ikr blocker E4031 dihydrochloride (5µM) with dSEVC (Fig. 6.1). IKr
current was not consistently detectable, but the data obtained showed that IKr
current densities in myocytes from SED rats (0.2±0.02 pA/pF in apex and
0.18±0.03 pA/pF in base) were significantly lower than IKs (0.84±0.03 pA/pF in
apex and 0.71±0.03 pA/pF in base) (Fig. 6.1). The current density differences
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between IKr and Iks were also observed in myocytes from TRN animals (The
myocyte capacitance ranged between 64-117 pF. Fig. 6.1; 0.19±0.02 vs.
0.73±0.03 in apex, and 0.19±0.03 pA/pF vs. 0.55±0.03 pA/pF in base).

Figure 6.1. IKs and Ikr current densities in rat ventricular myocytes.
A. IKs currents recorded from a left ventricular myocyte isolated from male
sedentary rat. Holding potential was -40 mV; 3 second test-pulses
ranged from -20 to +50 mV in 10 mV steps. Insert shows individual tail
currents with the +50 mV pulse at far right. B. The peak IKs and IKr tail
currents were obtained after test pulses to +50mV and 0 mV
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respectively, and the mean values were plotted. Data from male and
female rats were pooled as no significant sex difference was observed.
N=6 n=15-20 for each group, *p < 0.05 TRN versus SED; **p < 0.01 Ikr
versus IKs;✝p < 0.05 BASE versus APEX

The IKs Current-Voltage relationship demonstrated regional differences in
cardiomyocytes from SED rats at voltages between 40-50mV and in trained rats
between 30-50mV, with higher density observed in apex than base (Fig. 6.2).
Regular exercise decreased IKs density at positive voltages in myocytes from
both apex and base region (Fig. 6.2), but had no effect on IKr (Fig. 6.1).
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Figure 6.2. Current-Voltage relationship of IKs, measured as peak tail current that sensitive to chromanol 293B
(30µM). At voltages more positive than 30mV, IKs show regional difference in myocytes from both sedentary and
trained rats, with higher density observed in apex than base region. In both regions, IKs was significantly decreased
by exercise training at positive voltages. Data from male and female rats were pooled as no significant sex
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At voltages more positive than 30mV, IKs showed regional difference in
myocytes from both sedentary and trained rats, with higher density
observed in apex than base region. In both regions, IKs was significantly
decreased by exercise training at positive voltages. Data from male and
female rats were pooled as no significant sex difference was observed. N=6
n=17-20 for each group, *p < 0.05 TRN versus SED; ✝p < 0.05 BASE
versus APEX

To determine the effect of β-AR stimulation on IKs, and its adaptation to
regular exercise, I determined the current-voltage relationship in the presence of
5nM and 1µM β-agonist ISO. In myocyte from apex and base of SED rats, 5nM
and 1µM β-agonist ISO induced similar elevation of IKs at voltages between 1050mV (Fig. 6.3). In TRN groups, 1µM ISO increased IKs current density more
than 5nM ISO at voltages more positive than 20mV in apex and 30mV in base
region (Fig. 6.3). After the addition of 1µM ISO, smaller IKs current was found in
myocytes from TRN compared to SED rats (1.21±0.05 vs. 1.36±0.05 in apex,
and 0.89±0.04 pA/pF vs. 1.18±0.06 pA/pF in base, p< 0.05).
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Figure 6.3. IKs Current-Voltage relationship in the absence or presence
of 5nM or 1µM isoproterenol (ISO).
In all tested groups, IKs was significantly increased by β-agonist ISO at
positive voltages. In both regions, the maximum dose of ISO had a larger
effect than half maximum dose of ISO on IKs only in trained but not
sedentary rats. N=5 n=18-20 for each group, *p < 0.05 1µM ISO versus no
ISO; ✝p < 0.05 1µM ISO versus 5nM ISO

Figure 6.4 demonstrates the protein content of IKs channel pore-forming
subunit KCNQ1 and regulatory subunit KCNE1. In SED and TRN groups,
myocytes from apex exhibit higher KCNQ1 density compared to base region in
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both males [1.77±0.08 vs. 1.02±0.08 (SED), 1.55±0.06 vs. 0.76±0.06 (TRN)] and
females [1.82±0.07 vs. 1.13±0.09 (SED), 1.64±0.05 vs. 0.85±0.08 (TRN)].
Exercise training significantly decreased apex and base KCNQ1 content in rats
of both sexes. Little regional or sex differences were observed with KCNE1,
however, wheel running significantly decreased KCNE1 content in both apex
[1.08±0.12 vs. 0.41±0.06 (Male), 1.13±0.13 vs. 0.47±0.08 (Female)] and base
[1.05±0.12 vs. 0.34±0.05 (Male), 0.97±0.11 vs. 0.42±0.07 (Female)].
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Figure 6.4. Exercise-training decreased IKs channel expression. Left: In both males and females, higher KCNQ1
density was observed in myocytes from apex compared to base region, exercise training significantly
decreased KCNQ1 expression in both apex and base region. Right: Exercise training reduced the expression
level of KCNE1 in both apex and base, which is true in both males and females. N=6 for each group; *p < 0.05
Figure
6.4. Exercise-training decreased IKs channel expression.
TRN versus SED; p < 0.05 APEX versus BASE

Left: In both males and females, higher KCNQ1 density was observed in
myocytes from apex compared to base region, exercise training significantly
decreased KCNQ1 content in both apex and base region. Right: Exercise
training reduced the KCNE1 content in apex and base in both males and
females. KCNQ1 and KCNE1 content (Band intensity) was normalized to
pooled sedentary male base sample, and mean values of each tested
group were compared with one-way ANOVA (Tukey test was used for post
hoc comparison). N=6 for each group; *p < 0.05 TRN versus SED; ✝p <
0.05 APEX versus BASE
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Discussion

In chapter 3, I showed that voluntary wheel running prolonged the
ventricular APD at low activation rates. In beating rat hearts, the exercise-training
induced prolonged APD was attributed to a reduced AP response to β1adrenergic stimulation(Stones et al., 2009). Since changes in the responsiveness
of adrenergic regulation cannot explain the prolongation of APD observed in
isolated myocytes, I examined the effect of wheel running on the voltage-current
relationship in delayed rectifier channels. In this chapter, I present results on the
relative importance of IKs compared to IKr channels in ventricular repolarization in
rats, and demonstrate wheel running to reduce the content and current density of
the IKs. The down-regulation of IKs channel, independent of adrenergic factors,
would contribute to the exercise-training induced prolongation of the APD
observed in isolated myocytes. The greater elevation of IKs current by a low dose
of β-agonist (5 nM ISO) in cardiomyocytes from SED compared to TRN rats is in
agreement with reduced AP responsiveness to β-AR stimulation by regular
exercise(Wang & Fitts, 2017). These adaptations help explain the increased
efficiency and contractility induced by regular exercise-training(Gielen et al.,
2010).
Species and regional differences are known to exist between IKs and IKr in
ventricular myocytes. Studies in dogs showed that more current is conducted
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through IKr than IKs channels during resting ventricular AP, and IKs plays little role
in repolarization(Varro et al., 2000). In contrast, ventricular myocytes from guinea
pig exhibited larger IKs current than IKr during repolarization(Lu et al., 2002). In
rabbits, greater IKr current than IKs was reported in ventricular apex cells, but with
base myocytes the reverse was the case with less IKr compared to IKs current
observed(Cheng et al., 1999). In rat hearts both Ikr and IKs currents exist, but the
relative current and content of the two channels is unknown(Rasmussen et al.,
2004; Wymore et al., 1997). Importantly, I showed in rats, that Ikr contributes
relatively little to ventricular repolarization compared to IKs. In the physiological
voltage ranges tested, the Ikr blocker E4031 dihydrochloride sensitive tail currents
remained at low levels between 0 to 0.2 pA/pF, with the largest Ikr tail current
obtained after test pulses to 0 mV (Fig. 6.1). In contrast chromanol 293B
sensitive tail currents (IKs) were significantly higher with the largest obtained at
+50mV, which was the highest test pulse tested (Fig. 6.2). These results are
consistent with Sakatani et al.(2006) who reported selective block of IKs led to
greater prolongation of APD compared to Ikr under β-AR activation, and suggests
a larger functional role of IKs than Ikr in left ventricle of rats.
My results showed regional difference of IKs in both SED and TRN rats,
with higher current observed in apex compared to base region of the left
ventricle. This observation was accompanied by higher content of the poreforming subunit KCNQ1 in apex compared to base region, which likely explains
the longer APD in base myocytes in both SED and TRN groups. Wheel running
decreased the IKs current at voltages in physiological range in both apex and
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base, which at least partially explains the exercise-training induced APD
prolongation at low activation rates (Chapter 3). Western analyses support this
observation as lower levels of IKs channel pore-forming subunit KCNQ1 and
regulatory subunit KCNE1 were found in apex and base myocytes from TRN
compared to SED rats. No regional differences or training effects were found in
the Ikr channel.
I determined the response of rat ventricular myocytes IKs currents to βadrenergic stimulation and adaptations to regular exercise. In SED rats, 5nM and
1µM ISO induced similar elevation of IKs, which was consistent with the
observation that 5nM and 1µM ISO had similar effect on APD shortening (Fig.
3.10). In TRN groups, the observation that 1µM ISO increased IKs more than 5nM
ISO was in agreement with the published finding that regular exercise downregulated ventricular AP responsiveness to β-adrenergic stimulation(Wang &
Fitts, 2017).
In conclusion, studies in this chapter made the important observation that
in rats K+ efflux through the IKs channel provides the major ventricular
repolarization current with little contribution from the Ikr channel. Furthermore,
greater IKs current was observed in myocytes form apex compared to base, and
exercise-training decreased IKs accompanied by reduced content of KCNQ1 and
KCNE1 in both regions. β-adrenergic stimulation was found to increase IKs
current and regular exercise to down-regulated the response of IKs to β-AR
activation. These exercise-training adaptations in IKs provide a molecular basis
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for the prolonged AP and Ca2+ transient observed in TRN rats at low heart rates,
which would contribute to enhanced cardiac contractility and efficiency.
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CHAPTER 7

DISCUSSION AND INTERPRETATION

Regular programs of exercise training are known to increase
cardiovascular functional capacity and protect the heart against failure, however,
the cellular/molecular mechanisms are not clearly understood(Fletcher et al.,
1996; Nayor & Vasan, 2015). Thus the goal of this dissertation was to elucidate
how exercise training alters the electrical and biomechanical properties of
cardiomyocytes in males and females, and contribute to the mechanistic
understanding of these adaptations. A long-term goal is to understand how
regular exercise reduces the risk of heart disease. This study examined the effect
of regular exercise on major elements involved in excitation-contraction-coupling
(ECC) including the AP, the Ca2+ transient, and myocyte shortening and
relaxation, and the molecular mechanisms underlying exercise-training induced
adaptation in the AP.

Rat wheel running model

To investigate the exercise training induced cardiac adaptations, a number
of animal models that mimic the training response in humans have been
established, such as voluntary wheel running, treadmill running and swim training
in rats. The precise control of exercise intensity and volume that allows for well-
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controlled exercise workloads (duration, inclination, speed, distance) can be
achieved using treadmills. However, forced treadmill running requires constant
supervision, and animals may experience physical and psychological stress. The
benefit of voluntary wheel running is that it elicits qualitatively similar
physiologically adaptations to treadmill running while allowing for activity in a
non-stressful environment with only minimal investigator involvement. It should
be noted that the control for exercise training effects is accomplished by studying
animals that remain sedentary over the course of the study, which deviates from
the human situation where most sedentary individuals engage in at least some
physical exercise. The extent and pattern of exercise training in this study was
consistent with previous wheel running studies(Natali, Turner, Harrison, & White,
2001; Natali et al., 2002), with higher running distance and speed observed in
female rats compared to males.
Voluntary exercise caused cardiac hypertrophy as shown by an increased
heart weight to body weight ratio in the trained groups. Our observation that
regular exercise increased myocyte length but not width agreed with previous
studies(Mokelke, Palmer, Cheung, & Moore, 1997; Palmer, Thayer, Snyder, &
Moore, 1998) and provided additional morphological evidence that training
elicited left ventricular cardiac hypertrophy. Cardiac hypertrophy is a central
feature in several scenarios of physiological and pathological remodeling. In
cardiovascular disease, pathological remodeling with hypertrophy leads to heart
dysfunction, which is at least partly caused by altered cardiac gene expression
(Beisvag et al., 2009). Although the hypertrophy compensates for reduced
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contractility, the long-term effect is progressive dysfunction. In contrast,
physiological hypertrophy and remodeling induced by endurance exercise
training is considered beneficial, as it supports the increased Oxygen demand.
Several studies have strongly indicated that the insulin-like growth factor-1
induced Akt pathway at least partly controls physiological hypertrophy, the
activation or deactivation of this pathway may differentiate physiological from
pathological hypertrophy (Kemi et al., 2008; McMullen et al., 2004).

Sex differences

Substantial efforts have been made to improve understanding of the
sex/gender differences in cardiovascular disease and to recognize the
importance of heart disease in women over the past decades. The rate of
awareness of heart disease as the leading cause of death in women nearly
doubled between 1997 and 2009 (Mosca, Barrett-Connor, & Wenger, 2011).
Biologically, the sex hormones play a large role in regulating various
physiological parameters in both males and females and thus would be the
natural subject of investigations into possible roles they play in regulating
physical activity or the physiologic response to exercise-training. Due to the
confounding factors in human research, including the well-known difficulty of
accurately measuring physical activity in large populations (Shephard, 2003), the
complexity of giving hormone treatments in a physiologically-relevant and ethical
manner (Turgeon, Carr, Maki, Mendelsohn, & Wise, 2006), the general lack of
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well-controlled prospective human studies in this area, and the near impossibility
of controlling environmental variations that can influence activity levels,
understanding human sex differences in activity is extremely problematic. Given
these difficulties and the relative ease of experimental control in animal studies, it
is appropriate to consider whether there is a sex difference in activity present in
animal models. Available animal data strongly suggests that there is a differential
regulation of physical activity by sex that is primarily mediated by
estrogen/testosterone pathways with females in many species having higher
daily activity levels than males (Lightfoot, 2008). In agreement with these studies,
my results demonstrate that female rats performed more wheel running than
males. However, despite the difference in activity levels, male and female rats
showed similar adaptations in ventricular myocyte AP, Ca2+ transients and
sarcomere shortening/relaxation. One exception was that wheel running
eliminated the reginal difference of KATP channel protein subunit SUR2A content
in females but not males. In contrast, sex was one of the factors shown to modify
exercise induced cardiac adaptations in mice, as higher cardiac hypertrophy
induced by voluntary exercise was observed in female compared to male mice
(Konhilas et al., 2004).

Repolarizing K+ currents

One of the novel findings in this dissertation is that exercise training downregulated IKs channel while up-regulating the KATP channel. The advantage of
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these adaptations are not obvious, but one possibility is that the reduced Iks
allows for a prolonged APD with increased intracellular Ca2+ and contractility
under resting conditions, while up-regulation of the KATP channel provides a more
sensitive control of the APD in response to increasing sympathetic tone, high
heart rate, or stress conditions.
The delayed rectifier potassium currents (IK) are important in the
repolarization of the cardiac action potential and therefore play a major role in
controlling the action potential duration. The IKr that decays rapidly may be
completely deactivated between each action potential, whereas IKs with slow
deactivation might persist. as a result, the contribution of IKs increases as heart
rate increases shortening the APD which reduces arrhythmias (Eisner, Dibb, &
Trafford, 2009). As shown in figure 7.1, IKs induced shortening of ventricular APD
limits Ca2+ influx and Ca2+ release from SR, and thus prevents Ca2+ overload and
preserves mitochondrial integrity. Such a mechanism has been suggested to
account for the frequency-dependent effect of the anti-arrhythmic drugs E4031
and dofetilide (Jurkiewicz & Sanguinetti, 1993; Ohler, Amos, Wettwer, & Ravens,
1994), compounds that specifically block IKr. It has been suggested that these
compounds may be less effective at prolonging the action potential at higher
stimulation frequencies because of an increase in the more slowly deactivating
IKs (Heath & Terrar, 1996) acting in opposition to reduce action potential duration.
Enhanced IKs is also critical for APD shortening in the face of tachycardia and
increased L-type Ca2+ current, allowing sufficient diastolic intervals for chamber
filling (Jost et al., 2005). However, too much IKs under basal conditions poses an
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arrhythmogenic risk. Gain-of-function mutations in KCNQ1 have been linked to
arrhythmogenic short-QT syndrome type-2 and familial atrial fibrillation
(Borggrefe et al., 2005). These observations suggest a down-regulation of IKs by
exercise training could be beneficial in face of certain disease conditions but also
raise a concern that it may result in an impaired cardiac response to increasing
work rate. My results suggest that any high frequency induced damage that
might result from an exercise-training induced down-regulation of IKs would be
avoided by an up-regulation of KATP channel. The Kir6.2 knockout mice, which
lack ventricular KATP channels, have no obvious cardiac defects, but had an
impaired tolerance to exercise and stress (Zingman et al., 2002). It was the
ventricular surface membrane KATP channel (not the mitochondrial KATP channels)
that was responsible for this deficit (Malester et al., 2007). Both glibenclamide
and loss of KATP channel function (cardiac-specific overexpression of dominantnegative Kir6 subunits) largely eliminated frequency dependent action potential
shortening, which suggests a role for the KATP channels in action potential
duration regulation at elevated heart rates (Zingman et al., 2011). Thus, an upregulation of KATP channel by exercise-training would largely compensate for the
reduced contribution of IKs in response to elevated heart rate.
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Figure 7.1 Possible mechanisms by which IKs and KATP channels
respond to increasing sympathetic tone.

With high sympathetic drive, IKs functions as “repolarization reserve” in
ventricular myocytes (Sarkar & Sobie, 2011). Under basal conditions, IKs has
small amplitudes and activates slowly. However, when β-adrenergic tone is high,
IKs becomes larger and activates faster (Jost et al., 2005). KCNQ1 and KCNE1
assemble to form the slow delayed rectifier (IKs) channel. Jiang et al. (2017)
demonstrated that KCNQ1 and KCNE1 are both translated in the perinuclear
region but traffic by different routes to their separate subcellular locations.
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KCNQ1 mainly resides in the junctional SR, whereas KCNE1 resides on the cell
surface. Under basal conditions, only a small portion of KCNQ1 reaches the cell
surface to support the IKs function. However, in response to stress, KCNQ1
traffics from junctional SR to the cell surface to boost the IKs amplitude, a process
critical for shortening ventricular action potentials during high β-adrenergic tone.
All of these results suggest that a reduced IKs activity induced by exercise training
may lead to cardiac malfunction under high sympathetic nervous system
stimulation. However, exercise up-regulation of the KATP channel could serve as
an alternative strategy for regulation of the APD that more closely responds to
the myocytes metabolic state. At high heart rates cell ATP and the ATP/ADP
ratio declines which rapidly and robustly activates the KATP channel to ensure
adequate diastolic filling time. Kir6.2 knockout mice develop arrhythmias and
sudden death with β-adrenergic stimulation, which indicates a protective function
of KATP channels under high sympathetic drive (Zingman et al., 2002). This
cardio-protection is likely related to the prevention of intracellular Ca2+ overload,
as KATP channel opening shortens the ventricular APD thus limiting Ca2+ influx
and Ca2+ release from SR preventing Ca2+ overload (Figure 7.1). Myocardial
Ca2+ accumulation was exacerbated and myocardial function was impaired in
Kir6.2 knockout hearts (Gumina et al., 2007). Upon catecholamine challenge,
ventricular myocytes isolated from the hearts of Kir6.2 knockout mice exhibit
defective action potential shortening, which predisposes the myocardium to early
afterdepolarizations and arrhythmias (Liu et al., 2004). Thus, exercise induced
up-regulation of KATP channel would compensate for the down-regulation of IKs
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channel and serve as the repolarization reserve in response to high sympathetic
nervous system stimulation.
Additionally, there is evidence for a central role of KATP channels in
protecting the myocardium against hypoxic stress. In responding to cytoplasmic
nucleotide levels, KATP channel activity provides a unique link between cellular
energetics and electrical excitability. When activated by a reduced ATP/ADP
ratio, reflecting either increased cellular metabolic demand or reduced cellular
ATP generation, KATP channel-dependent potassium efflux shortens action
potential duration (Figure 7.1), allowing for a longer diastolic interval that
supports myocardial relaxation and restoration of ion gradients and energetic
resources. Both isolated heart and myocyte studies have been performed to
examine the anti-ischemic effects of KATP channel (Hearse, 1995; Opie, 1993).
The opening of KATP channel has been shown to delay the onset of rigor
contracture during ischemia, improve contractile recovery of the heart during
post-ischemic reperfusion, and reduce post-ischemic infarct development (Foster
& Coetzee, 2016). Therefore, exercise induced up-regulation of ventricular KATP
channel allows the cardiomyocyte to compensate for the lower Iks current
following β-AR activation and accelerate repolarization under metabolic stress
conditions.

β-adrenergic regulation
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Importantly, I showed that under resting conditions with low sympathetic
drive, regular exercise down-regulated the ventricular membrane potential and IKs
channel responses to β-adrenergic regulation, but increased the cardiomyocyte
biomechanical response as reflected by elevated sarcomere shortening and
shortening & relaxation rates in the presence of the β-adrenergic agonist ISO.
One possibility is that exercise-training increased β-AR responsiveness to
agonist activation, while decreasing the signaling proteins and complexes
required for β-adrenergic regulation on IKs channel.
β-AR stimulation activates the associated G-protein elevating adenylyl
cyclase and cAMP which activates PKA. PKA phosphorylates myofilament
proteins troponin I and myosin binding protein C as well as the ryanodine
receptor and phospholamban which together act to increases cross-bridge
binding and the kinetics of force development and relaxation(Billman, 2009;
Colson et al., 2010; Ross, Miura, Kambayashi, Eising, & Ryu, 1995; Stehle &
Iorga, 2010; Woo & Xiao, 2012). An elevated biomechanical responsiveness to
β-AR activation could be explained by a decrease β-adrenergic receptor kinase
(GRK2) activity (Rockman, Koch, & Lefkowitz, 2002). GRK2-mediated
phosphorylation of agonist-occupied GPCRs enhances the affinity of the receptor
for interaction with cytosolic proteins known as the β-arrestins, which bind to the
receptor and inhibit further G-protein coupling (Lefkowitz, 1998). For β-AR, this
process prevents further activation of G-protein and the subsequent stimulation
of adenylyl cyclase (Pitcher, Freedman, & Lefkowitz, 1998). Increased GRK2
activity forces the equilibrium of β-AR towards the inactive state, creating a

120
condition of reduced responsiveness to agonists. Exercise-training has been
shown to decrease GRK2 myocardial levels and improve β-AR signaling and
responsiveness in the post-ischemic hypertrophied failing myocardium as well as
in the aged heart (Leosco et al., 2007; Leosco et al., 2008). A reduced GRK2
level would contribute to increased β-AR responsiveness and thus might account
for the observed elevated sarcomere shortening and relaxation in
cardiomyocytes isolated from the exercise-trained animals.
PKA phosphorylation of the IKs pore forming subunit KCNQ1 accounts for
most of the functional modulation of IKs by the sympathetic nervous system
(Kurokawa, Motoike, Rao, & Kass, 2004). A-kinase anchoring proteins (AKAPs)
are members of protein complexes that coordinate the association of PKA with
cellular substrates to facilitate targeted PKA protein phosphorylation. AKAPs
together with specific substrates, create macromolecular signaling complexes to
control the PKA phosphorylation state of targeted proteins (Marx et al., 2000) ,
Yotiao is the smallest splicing variant of AKAP9. The IKs PKA macromolecular
complex consists of KCNQ1, regulatory subunit KCNE1, and the AKAP Yotiao,
which binds to a leucine zipper motif in the KCNQ1 and in turn binds PKA and
protein phosphatase 1 (Marx et al., 2002). Mutations in KCNQ1 or Yotiao that
disrupt this complex eliminates PKA-induced phosphorylation of the channel and
the functional response of the IKs channel to β-adrenergic stimulation (Chen &
Kass, 2006; Li, Chen, Kass, & Dessauer, 2012). Since AKAP Yotiao is required
for IKs response to β-AR regulation, a down-regulation of AKAP Yotiao by
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exercise-training could be one of the explanation for reduced IKs channel and
membrane potential response to β-adrenergic stimulation.
An exercise-training induced reduction of IKs channel activity and its
response to β-AR activation would contribute to prolonged AP observed at whole
heart level (Stones, Billeter, Zhang, Harrison, & White, 2009). A prolonged AP

would allow increased Ca2+ influx triggering greater SR Ca2+ release and
enhanced myocardial contraction. The strengthened contractility increases SV
allowing oxygenated blood to be pumped more efficiently through the systemic
circuit at lower heart rate. Additionally, exercise-training decreased HR is
beneficial as the basis of myocardial ischemia is disordered balance between
myocardial oxygen demand and supply, and heart rate importantly influences
both factors. Myocardial perfusion occurs predominantly during diastole, and the
fraction of the cardiac cycle occupied by diastole increases as HR decreases
(Heusch, 2008). Therefore, HR reduction improves diastolic perfusion time and
decreases pathophysiological conditions related to high HR such as the
progression of coronary atherosclerosis, the occurrence of myocardial ischemia
and ventricular arrhythmias (Fox et al., 2007).

Summary

In chapter 3, I determined the sex and regional differences and effect of
regular exercise-training on APD and Ca2+ transients in left ventricular myocytes
in resting unstressed cells, assessed these properties under conditions of

122
metabolic stress likely experienced during heavy exercise, and examined their
regulation by β-AR subtypes. In agreement with earlier studies(Clark, Bouchard,
Salinas-Stefanon, Sanchez-Chapula, & Giles, 1993; Colli Franzone, Pavarino,
Scacchi, & Taccardi, 2008; Natali et al., 2002; Stones et al., 2009), regional
differences were found in the AP shape with longer durations observed in base
compared to apex myocytes primarily reflective of endocardial and epicardial
myocytes, respectively. Exercise-training significantly increased APD of apex
and base myocytes at 1Hz, while decreasing the APD at 10Hz. The Ca2+
transient durations reflected the changes observed in APD, while Ca2+ transient
amplitudes were unaffected by wheel running. Exercise-training down regulated
the non-selective β adrenergic agonist ISO effect on the myocyte APD such that
cells from TRN rats required higher ISO levels to produce similar reductions in
the APD90 observed with myocytes from SED rats. The ISO-induced shortening
of the APD was largely reversed by selective β1-AR blocker Atenolol, but not the
β2-AR blocker ICI 118,551 providing evidence that wheel running reduced the
sensitivity of the β1-AR. Of physiological importance to the beating heart, the
reduced response to adrenergic agonists would enhance cardiac contractility at
resting rates where sympathetic drive is low by prolonging the APD and Ca2+
influx, while the shortened APD at high work rates or stress conditions would
help protect the heart against Ca2+ overload or inadequate filling.
In chapter 4, I examined rate and amplitude of Ca2+ transients and
sarcomere shortening/relaxation in TRN and SED myocytes challenged by
different activation rates with and without β-adrenergic stimulation. Wheel
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running significantly increased ventricular myocyte shortening velocity, and the
rate of rise in the intracellular Ca2+ transient at all stimulation frequencies. With 5
Hz stimulation, the amplitude of shortening increased in TRN compared to SED
without change in the Ca2+ transient amplitude. How regular exercise increased
the amplitude of shortening without affecting the amplitude of the Ca2+ transient
is not understood, but it could be due to an elevated myofibril ATPase activity
and/or an increased myofilament Ca2+ sensitivity(Baldwin, Winder, & Holloszy,
1975; Wisløff et al., 2001). At 1 & 2 Hz, ISO accelerated sarcomere shortening &
relaxation velocity and intracellular Ca2+ decline in TRN and SED, the ISO effects
were dose dependent in TRN but not SED. ISO (5 nM) increased the amplitude
of myocyte shortening during 1 Hz stimulation in TRN but not SED. These results
suggest that exercise training elevated the kinetics of cross-bridge cycling and
enhanced the responses of biomechanics and Ca2+ reuptake to β-AR stimulation,
adaptations that would contribute to an increased left ventricular ejection fraction,
stroke volume, and cardiac output factors known to be hallmarks of the heart’s
adaptation to regular exercise(Gielen, Schuler, & Adams, 2010).
In chapter 5, to determine the mechanism underlying exercise-induced
APD shortening at 10Hz, I studied the effect of regular exercise on the KATP
channel to include current density, current-voltage relationship, subunits content,
and the channels contribution to the APD. I also demonstrated the relative
importance of β-AR subtypes and the KATP channel in mediating the response to
increasing activation rates. At 1Hz, KATP activator pinacidil shortened APD in
myocytes from all tested groups, the shortening was significantly greater in TRN
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compared to SED groups. The KATP inhibitor glibenclamide prolonged the 10Hz
APD more in TRN than SED rats. Myocytes from TRN rats exhibited larger KATP
current densities compared to myocytes from SED. In both sexes, pore-forming
subunit Kir6.2 content was elevated by wheel-running in apex but not base
region. Exercise-training increased regulatory subunit SUR2A density in base
region of both sexes and eliminated its reginal difference in females. While the βAR mechanism is quantitatively most important in reducing APD at high
activation rates, both the β-AR and KATP channel play important roles. These
results indicate exercise-training induced APD shortening under energy
demanding conditions (e.g. high HR) is caused at least in part by an upregulation of the KATP channel-dependent potassium efflux, an adaptation that
reduces energy requirements for ion homeostasis and maintains a diastolic
interval adequate for myocardial relaxation.
In chapter 6, to better understand the mechanism underlying exerciseinduced myocyte AP prolongation at low stimulation rate, I determined in rats the
sex and regional differences in the delayed rectifier channels IKs and IKr, and for
the Iks channel, subunits content, current densities, and their adaptation to
regular exercise were determined. I also assessed the response of IKs to βadrenergic stimulation and the effect of exercise training on β-AR
responsiveness. In the physiological voltage ranges, significantly higher IKs
current was observed compared to IKr, suggesting a larger functional role of IKs
than Ikr in left ventricle of rats. In both SED and TRN rats, higher IKs current and
content of the IKs pore-forming subunit KCNQ1 were observed in apex compared
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to base region, which would largely explain the longer APD in myocytes from
base compared to apex. Wheel running decreased the IKs current and channel
subunits KCNQ1 and KCNE1 content in both apex and base region. β-adrenergic
stimulation was found to increase IKs current and regular exercise downregulated the response of IKs to β-AR activation. These adaptations in IKs provide
a molecular basis for prolonged myocyte AP at low activation rates and
decreased AP responsiveness to β-adrenergic stimulation in TRN rats, which
would contribute to enhanced cardiac contractility and efficiency.
Importantly, the results contribute to a better understanding of how
exercise-training alters the electrical and biomechanical properties of
cardiomyocytes in the base and apex regions of the heart in both sexes.
Additionally, the results set the stage for the development of optimal exercise
paradigms that maximize the benefits of regular exercise to help prevent and aid
recovery from heart disease. Future studies are needed to explore the molecular
signaling pathways through which exercise training improves membrane channel
and contractile function that lead to the beneficial electrical and mechanical
myocardial changes identified in this dissertation.
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